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PROJECT OF SEMICONDUCTOR HIGH-POWER HIGH-
REPETITION RATE COMPACT ACCELERATOR

E. Galstjan*, L. Kazanskiy, MRTI,
Warshawskoe Shosse 132, Moscow 113519, Russia

Abstract

The paper describes project of a compact accelerator
(120 kV, 2 kA, 15-25 ns pulse duration, 1 kHz -
repetition rate). To attract an attention of accelerator
community to abilities of modern power fast
semiconductors, this device is suggested to create by
using modern high-power super-fast semiconductor
switches.

1 INTRODUCTION

The tendency of the last years in the field of
development of high-power pulse and accelerating
facility is the maximum extension of possible areas of
its application. It demands development simple in
circulation, reliable in maintenance, and, principal,
whenever possible of compact devices. On the other

hand, for the last two decades of research in the field

of a solid state physics have resulted in creation of
semiconductor devices [1-2], which parameters have
allowed to create generators of high-voltage high-
power impulses working in a repetitive mode [1, 2].
However, till now these semiconductor devices have
not found the place directly in development of
accelerating facility. The presented paper is devoted
to exposition of idea of possible usage of modern
semiconductor devices [2] for creation of a compact
accelerator device, which, on our opinion, can find
rather broad application. In the basis of this device
the principle stating lies that the inductive storage of
electrical energy combined with possibilities of modern
semiconductors, is most perspective for creation of
high-power pulse devices working with a high
repetition rate. Instead of gas discharges, which limit
a pulse-repetition rate and have enough wide jitter
in a response time, it is offered to use new
semiconducting switches. These switches are capable
to reconnect for extremely short time (0,1 - 1 ns)
currents by magnitude 1 - 10 kA at an operation voltage
10 - 100 kV [2]. In addition, the process of switching
is controlled with split-hair accuracy, as the jitter in
operation of keys does not exceed 20 ps. Thus the

repetition rates of switching limits only by conditions
of heat rejection from the device and can reach tens

of megahertz.

*) E-mail address: galstjan@aha.ru

0-7803-5573-3/99/$10.00@1999 IEEE.

2 ACCELERATOR PROJECT

Let's consider more in detail principle of operation of
the accelerator. In Fig. 1 one section of the device is
shown. A toroidal inductor Lp is inserted in a
transmission line

Figure 1: Principal schematic of the accelerator
section

TL, which generally can be a coaxial line or can be
loaded with a beam of charged particles. Originally
capacitor C is charged by an external source up to
primary voltage U,, reaching several kilovolt, then it
starts to be discharged through walls of the inductor
connected by a semiconducting switch S. There is a
transfer of the energy, accumulated in the capacitor,
in an energy of a magnetic field of the inductor and
at reaching a maximum value of a current in the
inductor, when the voltage on the capacitor C
becomes equal to zero, the switch S is turned off,
switching the inductor on a load. Thus on the gap
AB there is a high voltage U,, which generates electric
pulse in a coaxial line or accelerates charged particles
of a beam.

The simple estimates display, that at small time
of switching At the maximum voltage on the gap AB
has magnitude U, = Ut /t,, where t, = (Lp-C)"? , t,
= Lp/Z - reference times of charging and discharging
of the inductor. The front of high-voltage impulse is
determined by time of a rupture of a current At, and
its duration - discharge time of the inductor t,. Thus,
though scheme of the section reminds to section used
in linear electron accelerators, actually it works
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completely in another way. In usual linear accelerator
the energy, transforming in accelerating impulse, is
stored in capacitors, and in our accelerator - directly
in the inductor of the section, that allows effectively
generating short (10 - 15 ns) high-power electric
pulses. Besides it is possible to shape very short
impulses (3 - 5 ns) of rectangular form by using
matched radial lines as the inductors.

However incarnation of all these ideas in actual
devices requires a solution of a lot of engineering
problems. For this purpose now in Institute of
Experimental Physics (Sarov, Russia) in cooperation
with the authors the construction of an accelerator
grounded on the above-described principles is
developed. This accelerator is designed to operate
with the cold explosive-emission cathode, for which
it is necessary to create an operation voltage not less
than 100 kV. Therefore, a series connection of several
described above sections is supposed. As the first
variant it is supposed to connect sequentially such
three sections. At primary voltage U, = 4 kV and the
relation t,/t, = 10, the output voltage on the cathode
should be 120 kV at pulse duration about 15 - 25 ns,
working current up to 2 kA and repetition rate of
working impulses 1 kHz. On this accelerator it is
supposed to decide engineering problems, bound up
with a construction, an electrical circuit, matched
operation all sections etc.

o—{j ) )
R A

Figure 2: Electrical circuit of the section.
C=C=04po, L, =L,=30pH,
L, = 0.2 uH, R, = 10 Ohm)

In fig. 2 one of possible variants of the principle elec-
trical circuit of a section of the above-described ac-
celerator is shown. A semiconductor switch, first of
all, defines the view of this circuit, as it demands
initial pump by electrical carriers in a forward direc-

tion, and the rupture of a current happens at oppo-
site direction of a current, when it reaches a maxi-

mum value. In addition, the charge, which is flow-
ing past through the switch in a forward direction,
should coincide with the charge that has flowed past

in the opposite direction. This condition also deter-
mines choice of the circuit. The circuit operates as
follows. Originally the capacitors C, and C,,
connected in series, are charged through inductances
L, and L, up to the primary voltage. Further capacitor
C, is used for direct pump of the semiconductor
switch. For this purpose the thyristor T, is turned on
at a closed thyristor T,, and the capacitor C, is
completely recharged through the inductor and the
switch. After the recharge process is over, the thyris-
tor T, is turned on and, as a result, capacitors C,
and C, are connected in parallel. It results in that the
above-stated condition of equality of an amount of
the flowed past charges is fulfilled for a quarter of
phase of oscillation of a reverse current. At a maxi-
mum value of a current in the inductor L,, the switch
produces cutoff of this current and the voltage pulse is

shaped on a load resistance R,.
It is necessary to mark that the selected opera-

tional mode of semiconductor switches in the given
circuits is far from limiting on output voltage. For
this reason, expected rate of acceleration can reach
only moderate magnitude ~ 0.2 MV/m, but this value
may be gained. Besides it is known, that an electron
beam generated by a cold cathode with an explosive
emission, has no enough high quality. It limits its
applications, for example, in Free Electron Lasers.
In our variant of the accelerator the generated beam
could be additionally accelerated up to a necessary
energy in a set of the same sections, loaded on the
beam. In this case, quality of the beam could be

essentially improved. . .
us, usage of modern semiconductor switches

allows creating the compact device both a generator
of power electric pulses, and an accelerator of charged
particles. The generator of electric pulses can be used
in medicine and biology, where a possibility of se-
lective action of short electric pulse on a cell now is
researched [3]1.

The accelerating devices, assembled from above
described sections, are good sources of charged par-
ticle (electrons, protons, and ions) bunches, which
can be used for generation of electromagnetic
radiation, for surface treatment, in an ecology etc.
Besides it is possible to gather classical Linacs with a
possibility of acceleration of bunches up to large

energies.
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THE ITEP-TWAC INJECTION AND EXTRACTION KICKER

V. Krasnopolsky, S. Krylov, G. Mamaev’, S. Mamaev, S. Poutchkov,
I. Tenyakov, V. Fedorov, MRTI RAS, Moscow
A. Sidorov, JINR, Dubna
N. Alekseev, ITEP, Moscow

Abstract

The system multi-turn injection and fast extraction for
installation ITEP-TWAC is developing in MRTI RAS. In
this paper one kicker in injection ring and one extraction
kicker in storage ring are described. In both kickers rise
time of magnetic field is not more 300 ns, and platen
duration 300-500 ns. The total length of the injection
kicker is 1.8 m, aperture is 0.1x0.1 m and kicker
strength is 0.16 T-m. The total length of the extraction
kicker is 1.5 m, aperture is 0.09x0.09 m and kicker
strength is 0.14 T-m. Both kickers are situated outside
vacuum chamber and consisted of number uniform
sections 0.3 m length. In each section ferrite magnet,
pulse former line, matched resistor 2.5 Ohm and 50 kV
ceramic metal thyratron with grounded grid are used.
Pulse current in each magnet achieves 7-8 kA in order to
magnetic field not more 0.1 T. In each former line
concentration capacitors and inductance in order to
storage energy and pulse correction are used. The
compact pulse power supply system in each section gives
the possibility connection with magnet short feed buses
without low-impedance 2 5 Ohm cable.

1 GENERAL DESIGN

The kicker of the injection ring (kicker 1) and the kicker
of the storage ring (kicker 2) are parts of installation
ITEP-TWAC {1]. A performance specification for the
kickers is given in table 1 and table 2.

Table 1: The specification of the kicker 1.

Magnet total length 1812 m
Magnetic field . 0,0883 T
Rise time (1-95%) 300 ns

Flat top (300-500) ns
Fall time Unlimited
Flat top tolerance +5%
Repetition period . 1s

Beam aperture in magnet 80 mm-diam.

Field uniformity in half-aperture ~ +3%

*E-Mail: mamaev_g@mail sitek.ru

0-7803-5573-3/99/$10.00@1999 IEEE.

Table 2: The specification of the kicker 2.

Magnet total length 1,51 m
Magnetic field - 0,0947T
Rise time (1-95%) 300 ns

Flat top (300-500) ns
Fall time Unlimited
Flat top tolerance +5%
Repetition period: Is

Beam aperture in magnet 70 mm- diam.

Field uniformity in half-aperture  +3%

Series parameters each kicker is near parameters kicker
for installation “Mirabel” [2]. For this reason each
magnet consist of sections like “Mirabel” magnets and
each section is connected to sclf-contained pulse supply
unit. Kicker 1 consist of six sections, kicker 2 consist of
five sections. The ceramic beam tube is used in kickers
because the vacuum in the installation ITEP-TWAC is
very high (107° - 10" torr).

2 MAGNETS

The cross section of magnets is shown in Fig. 1.
Kickerl:  h= 100 mm; s= 100 mm, D =80 mm.
Kicker2: h =90 mm; s = 90 mm, D =70 mm.

s _ 60mm
[
é

60 mm

Y
bus / ceramic

Figure 1. Cross-section of magnets.
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The length of each section of each magnet is equal to
300 mm, and ratio h/s of each section is equal to 1. In the
results the inductance of each section is equal to 400 nH.
The magnetic circuit consist of ferrite 600 NN. The
thickness of ferrite plate is 20 mm. Epoxy compound is
used for gluing. The feed buses are manufactured from
aluminium. For target magnetic field we have to receive
the current near to 8 kA in feed buses. The ferrite and
feed buses are situated in air and in the result the air-

-3 PULSE SUPPLY UNIT

The rise time of pulse 300 ns gives the possibility to use
in forming line concentrated capacitors and inductances
[3]. The commutator for current 8 kA is the main
problem in our case. The thyratron TGI1-2500/50 is
used. It works at voltage 40-50 kV and connected on the
circuit with a grounded grid [4,5). In this circuit the
main current of a load going through the gap anode-grid
and the gap grid-cathode is used only for initial pulse. In

cooling is, possible. . this case the oxide-coated cathode is not destroy. Each of
(Look right for continue). magnet section connected to self-contained pulse supply
unit, which electric circuit is shown in Fig. 2.
C C C C C R2
[50nF [50nF  [50nF  |50nF  |50nF 2.50hm
R1 ct  |cz
2.50hm  l14pF [140F
4 L3 L2 L1 '_13__' Lm
180nH 180nH  250nH  450nH 2.50hm 400nH
— = oy Sument
50kV Initiale—pulse Y A

Figure 2: Electric circuit pulse supply unit in connection of the magnet.

Own inductances of capacitors and buses are not shown
in Fig. 2, but were considered in the pulse current
calculation. Own inductance of a magnet Lm fulfils
functions of inductance of the first cell. Common number
of cells is equal to five. The small number of cells has
required for optimization of the form of pulse to use
forming line with various inductances L1-L4 in cells. For
correction of front of pulse two additional cells R1 Cl1
and R2 C2 were added also. The matched resistor R=2,5
Ohm is connected between anode of the thyratron and
output of line. The small value of resistor R=2.5 Ohm
could make difficulty for connection of a forming line
with magnet by a long cable with a low impedance Z=
2,5 Ohm. Taking into account difficulties of using of
such cable we decided to place each unit near to
appropriate section of the magnet and to use for
connection the pair of short buses. Buses are connected to
the grounded grid of the thyratron and to another output
of line. Their inductance is not more than 180 nH. Due
to this the high voltage on buses is absent during
charging a line and on a flat top when U=Lm-dl/dt ~ 0.
The voltage arises only during the rise time and the fall
time of pulse and is not more than 25 kV. It simplifies

the high-voltage insulation of buses and ferrite in magnet
located on an air.

During development one or two type ceramic and oil
capacitors were tested. As a result oil capacitors IK100-
0.05 were used in cells of line C and ceramic capacitors
KVI-3 were used in cells R1C1, R2C2.

The experimental model of the unmit kickerl was
manufactured as a result of development. It consists of
the pulse supply unit and the section of magnet. The
general view of the model is shown in Fig. 3.

Figure 3: Experimental model of the unit kickerl.
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4 EXPERIMENTAL RESULTS AND
FUTURE DEVELOPMENTS

On experimental model electrical durability, form of
pulse of a current in buses of a magnet and pulse of a
magnetic field in a working clearance and also
uniformity of a magnetic field were investigated. Single
break-down in air on constant charge voltage were
observed only 35 kV up, nevertheless they have not
hindered to lift charge voltage up to 47 kV and to
achieve the calculated current 8 kA. There were no
breakdowns in insulation of buses of a magnet during
pulse voltage. The form of pulse of a current in buses of a
magnet and pulse of a magnetic field in clearance was
further defined. The measurements were carried out by
two types of monitors and have shown satisfactory
coincidence with calculated form of pulse.
The outcome is shown in Fig. 4.

39800281

—

296e-02

195¢-02

9.40e-03.

.7.18¢-04 \‘- sec.
0.00e+00 7.50e-07 1.50e-06 2.25¢-06 3.00e-06

Figure 4: Magnetic field pulse in the median plane
(charge voltage U=20 kV).

‘The necessary charge voltage was defined as the result
of measurements. For kicker 1 it is equal 48 kV, for
kicker 2 it is equal 46 kV. The oil insulation in a power
supply unit was decided to use for the guaranteed
electrical reliability. This oil insulation is used for all
parts of unit, where constant charge voltage is, including
a thyratron. The construction of a power supply unit with
oil insulation is developed.

Preliminary measurements the uniformity of a magnetic
field in the median plane were made also. At the distance
15 mm from the center of ceramic tube the uniformity is
equal (2.0-2.5)%.

The test of the power supply unit with oil insulation and
the measurement uniformity of a magnetic field in full
aperture are planed for nearest future.
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INFLUENCE OF THE TECHNOLOGICAL PROCESS CONDITIONS
TO PARAMETERS OF MAGNETIC CORES FROM
RIBBON AMORPHOUS ALLOYS®

1. Bolotin, G. Mamaev®, S. Mamaev, S. Poutchkov, A. Ctcherbakov,
MRTI RAS, Moscow

Abstract

In an electrical engineering and items of powerful impulse
engineering are actively applied amorphous magnetically
soft alloys, which can substitute electrotechnical steel,
permalloy and ferrite. A high specific electrical resistance
and low specific losses, especially in items working on
high frequencies characterize the amorphous alloys. The
characteristics of items from amorphous magnetically soft
alloys essentially depend on chemical structure of a ribbon
as cast and conditions of technological processing
(winding, applying of interlayer insulation coating,
thermomagnetic processing and measurements).

Especially this dependence appears on properties of
magnetic cores, intended for use in magnetic pulse
compression circuit, magnetic switches, inductors for
linear accelerators, high voltage pulse transformers etc.

The outcomes of researches on controlled effect through
the technological process on parameters of magnetic cores
from amorphous and nanocrystalline alloys are reduced.

The properties of magnetic cores are investigated in two
frequency ranges: on frequency 50 Hz and of large speeds
of magnetic reversal - up to 30 T/us (in this range the
losses in cores are analyzed).

1 INTRODUCTION

The influence of an interlayer insulation to properties of
manufactured cores from amorphous alloys is now well
explored. It is known, the coat by thickness ~ 1 micron for
a theoretically smooth tape allows to yield a core with
record low losses.  Substantially tapes have
inhomogeneities (salients, peaks, nicks-and-burrses),
resulting in necessities of thickening of a coat. It gives in
diminution of a pack factor and magnification of losses.
We have tried to find requirements of a manufacturing
process permitting to reach an optimum relation between
these parameters. ,

The analysis of influence of requirements of a
manufacturing process on the most relevant parameters of
cores was carried out on cores intended for usage in
switching devices, i.e. having a so-called rectangular

* Work supported in part by LLNL
* E-mail: mamaev_g@mail.sitek.ru

0-7803-5573-3/99/$10.00@1999 IEEE.

hysteresis curve. All cores had been manufactured of an
amorphous tape (2605SA1, 2605SC from AlliedSignal,
(USA), 30KCP, 9KCP, 2HCP, 5BDSR from Amet
(Russia)) of width 20-25 mm and thickness 25+10 pm.
The cores were made with insulation interlayer based of a
fluid soda-ash glass (technology MRTI RAS) and
annealed in a longitudinal magnetic field. Mass of cores
were from 0.2 up to 2 kg.

2 RESULTS AND DISCUSS

It is easy to effect on the mentioned above two basic
criterions of quality of cores by thickness of interlayer
insulation and by tension during winding of the cores.

The influence of tape tension at winding on magnetic
parameters of the cores is well-studied [1]. Is exhibited
that the overflow of gain of a tension of quantity in 10 N
carries on to slope of parameter Br, therefore opportunity
of magnification of a pack factor at the expense of gain of
a tension is restricted. Thus, the searching of an optimum
relation between the indicated criterions of quality of the
core was reduced to a finding of minimally permissible
thickness of coating using an opportunity to change
thickness of coating available by MRTI RAS technology.

It was explored influence of thickness of the coating to
losses in cores manufactured from a widely known alloy
2605SA1. The cores with different coating, which had the
values of breakdown voltage from 10 up to 40 V, were
winded with gain of a tension in 10N and were tested. The
cores were manufactured on special installation, which
allow to realize the whole chain of the process (winding,
coating, annealing, test measuring of parameters) [2].

The estimation of dependence of losses in cores from a
value insulation breakdown voltage at magnetization rates
of about 19 T/us and 12 T/ps was done. The master data
obtained during experiments at different magnetization
rates are represented in Fig. 1 and 2 accordingly.

As display the diagrams in Fig. 1 and 2, the dependence
of losses in cores from a breakdown voltage value has the
exponential character. The fracture of an exponential
curve is in region 15 - 20V of the breakdown voltage of
insulation. Therefore reduction rate of losses in the core at
increasing of the thickness of insulation at
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Figure 1: Core losses at dB/dt~19 T/us
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Figure 2: Core losses at dB/dt~12 T/us

breakdown voltage greater 20V will be less than reduction
rate of the packing factor. We consider that optimum for
the insulation is the insulation providing breakdown
voltage not less than 20V. With such thickness of the
insulation (20V of a breakdown voltage coated on
technique MRTI RAS), we reached on alloys 2605SA1
and 2605SC the magnitude of a packing factor more than
80%. In Fig. 3 dependence of losses in cores from' of
alloys 2605SA1 (thickness of tape - 22um) and 2605SC
(thickness of tape - 17um) wound with tension in 10N
with insulation,

6000

S 4000
z 3000 - —
= 2000 2§_4
1000 4—— == — } ;
5 10 15 20 25 30

dB/dt (T/ps)
[—0— 2.5T SAl ~l—2.0T SA1 —e—2.5T SC ~36=~2.0T stﬂ

Figure 3: Losses for 2605SA1 and 2605SC for flux swings
2.0T and 2.5T.

on 20V of a breakdown voltage, depending from
magnetization rate from 8 up to 27 T/us are shown.

In Fig. 4 the graphs of change of losses in cores
manufactured of such iron-based alloys of the Russian
production as 30KCP, 9KCP, 2HCP with insulation for
20V, depending on magnetization rate function are given.

5000
& 4000
£ 3000 > |
§ 2000 - T
3 1000 -
0 |
0 5 10 15 20

dB/dt (T/us)

——30KCP —#~2HCP —A—9KCP J

Figure 4: Losses for 30KCP, 9KCP and 2HCP for flux
swing 2.5T

The major contribution for reaching of the good results
is given by surface quality and geometry (squareness of
section) of the tape. The preliminary grinding of a tdpe as
cast helps considerably to improve total parameters of
cores from the tapes with medial and poor surface quality
and geometry. The preliminary grinding also allows to
reduce thickness of insulation without magnification of
losses in the core. The results of measuring of losses in
the cores manufactured from a customary and ground
tapes from a cheap electrotechnical alloy 9KCP with
insulation, calculated on 10V of a breakdown voltage are
shown in Fig. 5.

10000
8000 /ft
£ 6000 .
S 1
§ 4000
]
2000
0
5 75 10 125 15 175 20
dB/dt (T/ps)
: F-)(—-customary +grindingJ

Figure 5: Losses for customary and grinding 9KCP for
flux swing 2.5T
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As it is clear from the graphs, the values of losses in the
core from the ground tape are comparable with losses in
the core from the alloy 2605SC, distinguished by
extremely low losses.

It is necessary to mark essential influence to losses in
cores of a magnetic annealing, which one should be
conducted with a major exactitude (temperature, time of
annealing and cooling) to receive optimum properties and
to not suppose a partial crystailization, which one reduces
greatly the magnetic properties. It is necessary to mark
advantages, which one can obtained with using the
modern nanocrystalline alloys (SBDSR from Russia).

Nanocrystalline alloys have the minimum losses, low
coercive force and constant of magnetostriction. The
alloy does not contain such scarce materials, as a nickel
and cobalt. The SBDSR alloy has a coercive force and
value of a magnetic permeability comparable with the
according values of precision amorphous alloys 82K3XCP
and 82K2XCP (Russia) containing more of 80% of a
cobalt, also the value of an induction Bs for an alloy
SBDSR is much higher (1.2 against 0.5). For these alloys
the procedure of annealing became rather simple — the
only critical parameter is the holding period of the core at
fixed temperature ~540°C.

In a Fig. 6 results of measuring of losses in the core
manufactured from nanocrystalline alloy 5BDSR - in
comparing with losses in the core manufactured from an
alloy 2605SC with insulation, calculated on 20V, at flux
swing 1T are represented.

800
& 600
E —
= 400 -
S 200 —t
0 L) L) L
5 v/ 9 11 13

dB/dt (T/ps)
—e—5BDSR —l—-—26OSSC—|

Figure 6: Losses for 2605SC and 5SBDSR for flux swing
1T

As it is visible from the graphs the losses in the core
from 5BDSR are two times less than in the core from
2605SC. But the nanocrystalline alloy has the low
induction of saturation Bs=1.2T. However Russian
manufacturers assert that they can raise an induction of
saturation of this alloy up to Bs=1.5-1.65T. The cost of an
alloy SBDSR of the same order, as well as amorphous
alloys with the small content of a cobalt ~ 40-50 $/kg. At
the ordering of major lots (order 2-5 tons) the cost can
diminish till 10-15 $/kg.

Thus, if the information on the opportunity of
magnification of an induction of saturation up to 1.5 -
1.65T will be confirmed, the alloy SBDSR has
indisputable advantage before usual amorphous alloys.

2.1 Technique of monitoring and measuring of
parameters

On a high frequency (the magnetization rate up to 30
T/ps) installation shaping high-current one-time impulse
of a discharge current beforehand of the charged capacitor
is applied. For deriving results PC with built-in double-
channel 8 bit analog-digital converters with a frequency of
sampling 100 MHz is applied. On data of measuring of
magnetization field magnitude and the inductions in the
cores curves of a hysteresis are created. The further
analysis will be carried out on obtained hysteresis curves.
The accuracy of such combined measurings ~ is not worse
than 10 %.

3 CONCLUSION

The opportunity of reaching the optimum relations
between magnitudes of a packing factor and interlayer
insulation thickness is exhibited.

The advantages of usage of modern nanocrystalline
alloys to production of cores are shown.
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RESULTS OF START OF

THE 150 KV MAGNETIC

PULSE COMPRESSOR

S. Krylov, G. Mamaev*, S. Mamaeyv, T. Latypov, S. Poutchkov,
I. Tenykov, V. Fedorov, MRTI RAS, Moscow,

A. Sidorov,

Abstract

The powerful pulse generator with target parameters 150
kV, 37 kA and duration of a pulse 150 nsec was
described in article [1]. The magnetic cores from
amorphous alloys with ratio Br/Bs more than 0.9 were
used as the key elements in the generator. We have

JINR, Dubna

purpose of to reduce built-up time of a pulse. We
managed to receive built-up time (at a level from 0.1 up
to 0.9) of the generator pulse about 40 nsec.

1 GENERAL DESIGN
The general parameters of the generator are:

carried out process of start, adjustment and have obtained Output voltage 15(())h1;\1,
the designed parameters. The researches on improvement ~ OVtput impedance o
of electrical durability of installation and the researches ~OutPut pulse duration 150 ns
of losses in cascades of the generator have been carried Build-up t{tﬁe . 40 ns
out. The greatest attention devoted to the research of Fulsed-oscillator  starting
work and modernization of the second step of UmMe (itter) c 10 215 -
compression, to the reduction of its inductance with the ~ Repetition rate 1 pulse/min
nci @
1 1 one—turn
' three—turn choke
R2 choke
+50kV 1 S 'S LD
LDs
-2 “
3 : 0,02
L
R3
Initiate-pulse e 1Ohm

=

The generator includes an energy store Cl, thyratron
switch V1 and step-up transformer (there were used two
transformers T1 and T2 connected in parallel). The
secondary energy store C2 is connected to secondary
winding of transformer. By means of saturable choke
LD1, energy of the store supplied to pulse forming line
(PFL). Charged PFL connects to load R; by means of
second saturable choke LD2. After each pulse, the
demagnetization of the cores of the transformers and

Figure 1: The generator design.

¥ Email: mamaev_g@mail. sitek.ru

0-7803-5573-3/99/$10.00@1999 IEEE.

chokes is performed. After that the induction of all cores
is equal to maximum residual induction - Br. The
demagnetization pulse current L., is creating by the
demagnetization unit, which is not shown in Fig. 1. The
choke LD4 and capacitor C3 forms a filter for the
protection of the demagnetization unit from high voltage
of the secondary windings of T1 and T2.

The demagnetization current branches on 2 parts. First
saturates transformer cores. It magnitude is limited by
resistor R2, R3. The second part saturates a circuit of the
series connected chokes LD1, LD3, LD4, LD5. The
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choke LD5 shunts a load. It allows reducing
demagnetization unit power. As this circuit is saturated
after saturation of transformers, it is not necessary to
limit this current.

Figure 2: The basic voltage diagrams.

Below there are the results of starting up of the
generator.

1.1 Primary circuit

It is the battery of store capacitors (C1) and charged —
discharged circuits, connected to it. We had the
breakdowns near capacitor buses at the 50 kV voltage
level. To achieve calculated high-voltage durability the
heating of the oil in pumping out vessels was made. We

have achieved breakdown voltage of the oil 65-70 kV

(before drying it was 30-35 kV) on VDE0370
measurement, which is equivalent - 58 kV on VTE. We
have to improve the high voltage buses and other
elements with the purpose to reduce strength of the field,
and also to improve the reliability threading joints, as the
discharge current exceeded 50 kA.

1.2 The circuit of transmission of énergy to the
secondary store

We used two transformers connected in parallel in order
to receive the necessary power using one of our
transformer design and also with desire to reduce the
weight of each unit. In Fig. 3 the basic elements of the
first step of a generator - primary energy store, thyratron
unit, step-up transformer and also choke are shown.
Basic work, which was carried out with the transformer,
is an optimization of its factor of transformation with the
purpose of deriving on the secondary store C2 of
necessary voltage - 300-310 kV. In Fig. 2a the
oscillogram of voltage on the secondary store C2 is
shown. As to duration of charging pulse, this parameter
has not caused the problems; i.e. the time was close to
calculated one - about 1.5 microsecond. The voltage on
C2 had appeared a little less than expected on 10-15%.
The resecarch has shown that it was connected to active

losses in an outline of transmission of energy. For’

localization of losses the work of the first stage of a
generator with disconnected second stage was
investigated and it was shown that the main losses were
the losses in capacitors. On resonance frequency (f = 300
kHz) their quality factor Q = 7. Quality factor of the
transformer together with buses is 80.

Thyratron

Capacitor C2

Step-up trans.

Figure 3: The basic clements of the generator first step.

For achieving the voltage 300-310 kV we have to raise
transformation ratio from 7 up to 8.5 and the same time
the conditions of transmission of the energy had been
improved a little.

The reduced value of capacity C2 to the primary
winding of the transformer with new factor became
closer to capacity of a primary store, than before.

After testing the efficiency of the first step, which is
equal to ratio of energy of secondary and primary stores
became 0.7.

1.3 Choke of the first step L1

Choke of the first step has three turns wound around
ferromagnetic core with rectangular square loop of a
hysteresis (material 9KCP). The cross section of the steel
S = 290 cm?, weight of a material of the core - 200 kg.
The choke is realized from 4 in series connected sections.
It was made with the purpose of a voltage reduction
between choke turns (Fig. 4).

Figure 4: The view of the first step choke.

At the beginning of the work there were the
breakdowns between the turns of output section because
of non-uniform distribution voltage along sections. After
saturation of the choke water line is charged during 0.5
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microsecond. The stray capacitance, which is derived by
last section on a grounded screen, is charged up to 300
kV. The terminal of the last section connected to a water
line after it discharging appears under a zero potential,
that means that on winding of the section there is a full
voltage - 300 kV. For it elimination the capacity divider
was installed, which aligned voltage along sections. Also
the clearance between the first and third turns in last
section was enlarged. After these changing the choke
worked reliable. The calculated time of charging of a
water line 0.45 - 0.5 microsecond was obtained without
additional regulation and- adjustment. The moment of
saturation choke L1 approximately corresponded to a
maximum of a charge of a secondary store without
additional regulations.

1.4 Choke of the second step L2

Originally installed double-turn choke with additional
sharpener of voltage was replaced by two connected in
parallel single-turn chokes. We used additional material,
but simplified deriving a necessary sharpness of the front
of impulse. A cross-section of the steel is equal 237 cm®.
Chokes were made from the same type of the
ferromagnetic cores, using material 9KCP. The voltage
waveform on a load (4 Ohm) is shown in Fig. 2b.
Efficiency of installation as a whole, defined by a ratio
of output pulse energy to energy of a primary store is
equal about 0.5. If to take into account, that the efficiency
of the first step is equal 0.7, it is received, that in the
second step the efficiency is 0.7. The reason of losses in
the second step was not investigated, since losses were
not the defining factor for the installation.

Figure 5: The view of the second step loads area.

Nevertheless, the losses can be explained by some
mismatching of the water line and load, and also by
incomplete transmission of the energy from a secondary
store to PFL. In Fig. 5 the chokes of the second step with
an on-line load are represented.

1.5 Diagnostics

In a construction of a generator the measuring voltage
dividers and also measuring transformers of a current are
installed.

. The measuring voltage divider is connected in a

parallel way to capacitor C2 (Fig. 3). Two measuring
voltage dividers are built in the water line. The resistive
divider is connected in a parallel way to the load of the
generator. Measuring transformers of the current are
installed on the input and output of the PFL. In Fig. 4 the
resistive divider and also measuring transformer included
in one of six parallel resistors of a load of the type TBO-
60 are shown.
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A PULSED MODULATOR POWER SUPPLY
FOR THE g-2 MUON STORAGE RING INJECTION KICKER’

J.Mi, Y.Y. Lee, W. M. Morse, C.I. Pai, G.C. Pappas,
R. Sanders, Y.K. Semertzidis D. Warburton, and R. Zapasek, BNL, Upton, NY, USA
K. Jungmann, HU, Heidelberg, Germany, L. Roberts, BU, Boston, MA, USA

Abstract

This paper describes the pulse modulator power supplies
used to drive the kicker magnets that inject the muon
beam into the g-2 storage ring that has been built at
Brookhaven National Laboratory. Three modulators built
into coaxial structures consisting of a series circuit of an
energy storage capacitor, a damping resistor and a fast
thyratron switch are used to energize three magnets that
kick the beam into the proper orbit. A 100 kV charging
power supply is used to charge the capacitor to 95kV. The
damping resistor shapes the magnet current waveform to a
450 nanosecond half-sine to match the injection
requirements. This paper discusses the modulator design,
construction and operation.

INTRODUCTION

The goal of high energy physics experiment AGS 821 is to
make precision measurements of the muon g-2 value.
These measurements require the use of a super-conducting
storage ring to store a circulating muon beam. The muon
beam intensity in the storage ring is increased by moving
the beam into the proper orbit with three kicker magnets
after injection.

The kicker magnets are located in the ring, down
stream of the inflector. Each of the three kicker magnets
is driven by its own pulse modulator power supply. The
kicker system deflects the 3.094GeV/c momentum beam
10 mrad'".

The initial development of the pulse modulator can
best be described as long and arduous. The first prototype
model used a sparkgap as a switch. While the modulator
was able to produce the correct current amplitude and
waveform, switch life was limited to at most one million
pulses’. The spark gaps of various manufacturers were
tested with no improvement in switch life. Many months
of R&D were invested into looking for causes and a

solution to electrode deterioration. The gap electrodes’

were replaced with electrodes of different materials but
they failed because of metal migration, pitting and
sputtering.

The prototype structure was modified and the sparkgap
was replaced by a high voltage thyratron. The modulator
was pulsed over three million times without failure.

The modulator is a simple low inductance coaxial
structure consisting of a grounded cathode thyratron in
series with a damping resistor, an energy storage capacitor
and the kicker magnet. The capacitor is charged by a
resonant charging power supply. The series discharge
resistor provides a load for the circuit. The resistor value
was chosen to limit the thyratron current during discharge
and to reduce the pulse reverse voltage.

Because of the sensitivities of other systems and
instrumentation associated with the storage ring, much
thought was given to electromagnetic compatibility
(EMC). Consideration was given to the isolation and
grounding of all parts of the system. Prevention of
electromagnetic interference (EMI), from the high energy
circuits was accomplished by using a totally enclosed
outer conductor of the modulator and the magnet chamber.
Power supply and magnet currents are kept inside to
provide a continuous low noise grounding circuit with no
external conducted or radiated EMI. All power-wiring
conductors are filtered. Instrumentation shields and
cabinets also required planning and carefully placed point
grounds. :

The associated trigger timing system, auxiliary power

supplies, and controls are located inside the g-2 ring
adjacent to the modulators.

DESIGN AND SIMULATION

. The modulator is required to generate a nominal 450 nsec

half-sine 4.3 kA peak current pulse in the kicker magnet.
It must operate in a burst mode of six pulses at a 30 Hz
rate with a 2.5 second period. Future requirements include
doubling the number of pulses to 12.

Computer simulations were used to optimize the
simple RLC circuit so that the current amplitude and pulse
length requirements could be met with realizable

* Work performed under the auspices of the U.S. Department of Energy

0-7803-5573-3/99/$10.00@1999 IEEE.
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components. The kicker magnet consists of a single turn
aluminum conductor in vacuum. The inductance of the
kicker magnet and its high voltage feedthrough is 1.1 pH.
The inductance of the coaxial line section and thyratron is
0.4 uH. The simulations confirmed the need for an energy
storage capacitor of 10 nF, a damping resistor of 11.5
ohms and a charging voltage of 95kV. The simplified
circuit model is shown in Figure 1.

Rv /C
+ |\ -

Sw L

A

L

Figure 1. Simplified simulation circuit model.

HIGH VOLTAGE DISCHARGING
CIRCUIT ASSEMBLY

The discharge switch is an EEV type CX1699 four gap
hydrogen thyratron shown in Figure 2. It is rated at a 130
kV maximum peak forward anode voltage. The 10 nF
storage capacitor is rated for 100kV. The dumping resistor
is a stack assembly consisting of 12 each, 3.75 inch in
diameter by 1 inch thick Cesiwid washer resistors
sandwiched between copper cooling fin disks for
improved internal cooling. The Damping resistor stack is
shown in Figure 3.

Figure 2. EEV type CX1699 thyratron.

JEPNORD | UM | g [ | SR | QR | B | U JROVORS { MU | SR | SR | S

Figure 3. Damping resistor stack assembly.

The capacitor and resistor stack are coaxially mounted
in an aluminum pipe filled with a silicon insulating fluid.
The thyratron is housed in an accessible rectangular box
section filled with the same fluid, at one end of the coaxial
line. The other end of the line is ptovided with a ceramic
high voltage feedthrough insulator in a separate section
filled with Flourinert FC40 insulating liquid. This
insulator provides an interface between the modulator and
the magnet vacuum chamber. The outer pipe of the line
section is the magnet return conductor. Figure 4 shows the
modulator and kicker magnet assembly.

Figure 4. Modulator and kicker magnet assembly.

RESONANT CHARGING SYSTEM

The system repetition rate of 30 Hz requires a timing
sequence that will allow charging of the energy storage
capacitor to the operating voltage in 28 msec, and then fire
the thyratron 3 msec later. This requirement is
accomplished by using a resonant charging power supply.
Figure 5 shows the resonant charging power supply. It
consists an 85 to 1 step-up transformer with a resonant
secondary, that is pulse driven by a lower voltage power
supply with energy storage and a switching SCR. The low
voltage power supply is inhibited when the SCR and
thyratron are conducting.

CAPACITOR
BANK

SCR
£
=i TN
=
Figure 5. Resonant charging power supply
TRIGGER TIMING SYSTEM

The operation of the power supplies depends on proper
timing and triggering. The major system components are
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located in both the g-2 control room and in the center of
the g-2 ring as shown in Figure 6. Fiber optic and
transformer links are used where it is necessary to provide
noise isolation.

A real time pulse, “AGS Pre-pulse” which is converted
to a 27ms charge gate for the ALE charging supplies by a
digital delay generator, initiates the kicker cycle. An SCR
firing trigger is internally generated one millisecond after
the end of this gate. The SCR discharges a storage
capacitor bank into the resonant charge transformer,
charging the main discharge capacitor. At approximately
2 ms after the charging, an AGS “beam request” trigger
which is synchronous to the beam rf phase is received and
delayed by approximately 56us. Then, it is fanned out to
three individually variable channels (to accommodate
individual tube characteristics) and sent to a three channel
sequential delay chassis used to minimize timing
variations over the 6 burst pulses. These signals are then
sent to the MOSFET trigger amplifiers that are
transformer coupled to the thyratron grids firing the tubes.

START COARGNG i
DesE 01 EO 3 b e S —
X T S —
|l
N _TRGGEAVTIONK ]
1
N ; B! KICKER 1 THYRATRON
[ FAST TRIGGER NOSFET
¥ TRIGGER
1
| !
: KICKER2 THYRATRON
DELAYSET , NOSEET
' TRIGGER
1
t
\ KICKER 3 THYRATRON
X NOSFET
' TRIGGER
]
1
6:2CONTROL ROOM L G2MIONANG

Figure 6. Trigger timing system.

TEST RESULT DATA AND CONCLUSION

The three modulators and their kicker magnets have been
operating successfully without failure for the August 1998
and also the January and February 1999 g-2 physics runs.
They have been running at 92 kV. Figure 7 shows a
typical magnet current pulse at 95kV. The present
operating mode is a six pulse burst. In the future the
experiment will go to a 12 pulse burst. The modulator has
already been tested successfully with 12 pulses. Figure 8
shows a complete system diagram.
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SOLID STATE MODULATOR APPLICATIONS IN LINEAR
ACCELERATORS

M.P.J. Gaudreau, J.A. Casey, T.P. Hawkey, J.M. Mulvaney, M.A. Kempkes, P. Ver Planck
Diversified Technologies, Inc. 35 Wiggins Ave., Bedford, MA 01730

1. ABSTRACT

The next generation of linear colliders will require an
order of magnitude leap in pulsed power to millions of
volts at thousands of amperes, delivered at much higher
efficiency than is presently available. The current
technology base of thyratrons, PFNs, etc., is inherently
limited in scaling to meet these new requirements.

Diversified Technologies, Inc. (DTI), has had
tremendous success since 1993 in the application of high

Figure 1 DTI’s HVPM 100-500 100 kV,
50 MW Peak Pulse Modulator.

voltage IGBT devices to large, high-voltage and high-
current modulator systems. DTI has sold commercial
solid-state modulators capable of 20 to160 kV and 150 to
2000 A for customer applications ranging from RF tube
testing to ijon-implantation. This technology is rapidly
becoming the preferred alternative to conventional
vacuum tube modulators and switches for future
accelerator designs. '

2. BACKGROUND
2.1IGBTs

Solid state devices are, in general, low voltage devices.
Recent advances in Insulated Gate Bipolar Transistors
(IGBTs) have improved the voltage and current handling
characteristics considerably. = Typical devices have
voltage ratings from 1200V-3300V and current ratings

0-7803-5573-3/99/$10.00@ 1999 IEEE.

from 50A-1200A continuous. They also feature the very
low drive current requirements of Field Effect Transistors
(thus the Insulated Gate). This eliminates the need for
cascaded stages of bipolar drives required by the low
betas of early high current bipolar circuit designs.

To use IGBTs for high voltage switching, many devices

Controls/
Gate Drive Power Series Resistor
"/. v [ @ * [] . v ]
i i i j
L 1 ] Pulldown
=T -~ Storage Capacitor Resistor
—0

Figure 2: Solid State Modulator Components

must be cascaded in series. (Figure 2). This concept
provides the flexibility of a modular design, with no
inherent limit to voltage handling. However, it also.
necessitates the formidable task of ensuring that the load
is shared equally between devices so that no single device
sees harmful or destructive voltages. The gate drives must
be highly synchronized to accomplish this. DTI has
developed and patented the technology to achieve this
synchronization, which has been demonstrated at up to
160 IGBTs in series, and up to six IGBTSs in parallel.

The benefits of solid-state switching of high voltage
include high reliability, significantly higher efficiency,
and fast, repeatable switching characteristics. Our
analyses have shown that these solid state systems are
capable of providing 15x improvements in power
efficiency during switching, and orders of magnitude
improvements in reliability compared to vacuum tube and
thyratron based switches.

3. SOLID STATE MODULATOR PRINCIPLES
3.1 Simple Switch — Ideal Pulse

Ideally, a modulator acts as a simple switch between a
high voltage power supply and its load (such as a
klystron). The desired properties of such an ideal switch
would be infinite voltage holdoff, infinite off-resistance,
zero on-resistance, and full immunity to transients and
voltage reversals.
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Achieving, as closely as possible, this ideal pulse is
critical to the performance of a number of pulsed power
applications. Generating pulses which closely approach
this ideal pulse is typically a critical objective of high
pulsed power system design.

Vo 4|
0

Figure 3: Ideal Pulse

Historically, vacuum switch tubes or thyratrons,
alone, or in combination with Pulse Forming Networks
(PFNs) and pulse transformers, have been used for this
purpose. The non-ideal behavior of these conventional

_

t—»

Leresier)

L T
Figure 4: Nearly Ideal HVPM 100-500
Pulse 80 kV, 90A Into Water Resistor

switches includes a large effective voltage drop, limited

current capability and speed, high maintenance, and
complex driving and protection circuitry. As future
system requirements extend to higher voltage and power,
the use of vacuum tubes becomes increasingly impractical
due to the inherent voltage and current limits of these
devices.

4. APPLICATIONS
1 1

Figure 5: Cathode Modulator / Crowbar Replacement

4.1 Cathode Modulator

There are two principal approaches to applying high
voltage solid-state modulators to accelerators. First, very
high voltage and moderate current operation can be used
to switch microwave devices directly. This also has the
direct benefit eliminating the need for a separate crowbar
circuit, since the switch can open rapidly in the event of
an arc. Alternately, lower switch voltages at high currents
can be used in conjunction with pulse transformers to
provide pulses of energy. In either case, very fast
risetimes and falltimes are required for operational and
cost efficiency reasons. Furthermore, these basic circuits
can be used either as cathode modulators or mod-anode
modulators in typical accelerator systems.

4.2 Crowbar Replacement

The response time of DTI's technology provides a new
level of protection to sensitive high power electronics,
such as vacuum tubes. A typical crowbar, at 100 kV and
100 A current, will allow 20 J of energy through the arc
even with a fast 2 pS response- below the 50 J which may
cause damage, but enough to degrade the lifetime of the
tube.

DTI’s switches can open and close in less than 0.5 pS.
This fast response allows these switches to operate as
effective ‘fast fuses’. Under the conditions described
above, the energy available to cause tube damage is
reduced by 75% to 5 J. Unlike a typical crowbar,
however, the solid state switch can be closed again almost
immediately. Furthermore, this cycle can be repeated
indefinitely.

4.3 Mod-Anode Modulator

The same switching solid state switching technology can
be applied to mod-anode modulators — either directly
(hard switched) or in conjunction with a pulse

R

putidown

Figure 6: Mod-Anode Modulator

transformer. Typically, the lower power required for mod-
anode modulation allows very fast operation. DTI has
demonstrated a 20 kV mod-anode modulator for a Navy
radar application capable of 400 kHz operation.
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Figure 7 : 45 kV, 30 a DTI Solid State Switch
with Klystron at SLAC
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5. BENEFITS

The primary benefit of a full voltage (cathode) switch for

advanced accelerators will be economic. The principal

power loss in a direct switched system is the fCV? losses
to the parasitic capacitance. The fast risetime capability of
a direct switch will reduce power lost on ramp-up and
settling time. A PFN or hybrid modulator/transformer
approach will generally have a slower risetime because of
series inductance, as well as additional magnetizing
current and parasitic capacitance in the magnetics. This
also allows fully programmable pulse-width, and the
adaptability of the accelerator system to varying physics
requirements.

5.1 Inéreased Efficiency

Switch tubes have an inherently high voltage drop across
them. At high peak power, this results in significant
power loss across the tube, and drives the need for
substantial cooling systems for the tube itself.

5.2 Higher Reliability

Due to arcing and emissions/outgassing within the tube
itself and short cathode life, vacuum tubes have an
inherently limited lifetime. Although improvements have
been made in tube manufacturing since WWII, tube
lifetime is still limited to the thousands (tens of thousands
in some case) of hours.

DTI'’s solid state modulators provide nearly infinite
flexibility in pulse parameters (pulsewidth, PRF, peak
current, voltage, and duty cycle). Typical rise / fall times
for DTI’s PowerMod™ Systems are <0.5 uS for high
power (MWs) pulses.

Line modulators and PFNs use resonant circuits to
achieve high power pulses. These systems are designed to
provide a very narrow range of PRFs and pulsewidths.

5.3 Increased Current Handling Capability

With DTI’s solid state modulators, maximum current
capability is a design parameter. DTI has built modulators
capable of handling 2000A, and placing switch modules
in parallel can accommodate higher currents.

5.4 Ruggedness

DTTI’s PowerMod™ solid state modulators are inherently
rugged, isolated from external conditions, and able to
provide consistent performance over a wide range of
conditions. High voltage tubes, by virtue of their
construction, are relatively fragile and susceptible to
variations in performance due to operating conditions.

5.5 Safety from X-rays

High voltage power tubes produce X-rays due to inherent
grid emission leakage or primary electron conduction.
Shielding of the tube is required for safe operation. DTI's
PowerMod™ systems do not create X-rays.

The combination of the technology required for advanced
accelerators, and DTI’s ongoing efforts to move to higher
voltages, peak power, and frequency, provides both our
government and commercial customers significant
advantages in future high voltage, high power systems.

(wd)
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A SOLID STATE INDUCTION MODULATOR FOR SLAC NLC*
R.L. CASSEL, G.C. PAPPAS, M.N. NGUYEN, J.E. DeLAMARE
Stanford Linear Accelerator Center

Abstract

The Next Linear Collider accelerator proposal at SLAC
requires a high efficiency, highly reliable, and low cost
pulsed-power modulator to drive the 500 KV, 260A X
band klystrons. With a pulse width of less than 1.5
microseconds, it is difficult for the present SLAC type
modulator with conventional pulse transformer to have a
high efficiency due primarily to the inherently slow rise
and fall time of the video pulse. The proposed induction
modulator utilises a pulse transformer similar to an
induction accelerator driven by Solid State high voltage
IGBTs. The performance of the IGBTs, induction cores
and a low voltage model will be discussed as well as the
design and construction of a prototype modulator capable
of driving up to 8 of the X band klystrons

1.0 Design consideration efficiency, availability
& cost

The major problem with the conventional PFN type
modulator use at SLAC and around the world for the Next
Linear Collider (NLC) is the efficiency of the modulator
for short pulse operation. The leakage inductance for the
pulse transformer and the stray inductance of the
switching circuit inherently limit the rise and fall time of
the klystron voltage waveform. To reach the efficiency
goals of > 75% for the modulator for the NLC it is
necessary to have a rise and fall time of the klystron
voltage pulse of less than 200 nsec. With the high voltage
of the NLC klystron of 500 kV and large stray capacitance
of > 100 pfd per klystron (RC time constant of 200 nsec.)
it is difficult to obtain a fast rise time with a matched
impedance PFN modulator.

The operational availability of the standard SLAC type
modulator is limited by the failure rate of hydrogen
thyratron used for switching. In addition thyratron are
subject to a high incidents of spontaneous triggering,
which effects the overall accelerator availability.

The peak power of- thyratron and circuit & PEN
impedance limits the practical peak power of a SLAC type
modulator to about 300 megawatts peak, or capability of
driving more than two NLC klystron at one time. This
makes the cost of modulators >100k$ per klystron for the
conventional SLAC modulator expensive to build.

1.2) Configuration Selection

To obtain a low leakage inductance, the pulse transformer
configuration selected was the fractional turn transformer

"Work supported Department of Energy contract DE-AC03-765F515

0-7803-5573-3/99/$10.00@1999 IEEE.

with a one turn secondary. This configuration is similar to
an induction accelerator with a conductor in place of the
beam. The resulting secondary leakage inductance is
extremely low (<1 phy). The major part of the leakage
induction coming from the multiple primary connections
and the drivers.

To obtain 500 kV for 1.5 usec. (0.75 volt seconds) with
one turn secondary requires a large magnetic core cross
sectional area. To drive the core without using a matched
PEN requires a switch that can not only turn on fast at
high power levels but also turn off. This switching devices
now exists in the form of IGBTs (Isolated Gate Bipolar
Transistors). IGBT’s are now available from several
manufactures which can switch on and off in < 100 nsec
to power levels of 5 megawatts per device. High voltage
devices capable of switch > 10 megawatts for 1.5 psec.
are under development.

The use of one turn secondary fractional turn transformer
combined with high current IGBT allows for the driving
of 8 klystron with one modulator or approximately 1000
megawatts of power for 1.5 psec. The larger number of
klystrons per modulator reduces the overall cost and size
of the modulator. Figure 1.

Figure 1. Induction Modulator Layout

1.3 Induction Modulator Specification

e NUMBER OF NLC KLYSTRONS 8 EACH

» OPERATING PULSED VOLTAGE 500kV

e OPERATING PULSED CURRENT 2120 AMPS
e REPETITION RATE 120 Hz

* VOLTAGE REGULATION FLAT TOP <+1.0%

e RISE /FALL TIME <200 nsec

¢ PULSE DURATION FLAT TOP 1.5 psec

¢ ENERGY EFFICIENCY >75%

e NUMBER SECONDARY TURNS 1
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« NUMBER FRACTIONAL TURNS 104
« NUMBER OF CORE STACKS 4

« NUMBER OF CORE PER STACK 26

« MAGNETIC CORE SIZE 2"H,3.75"W
 VOLTAGE PER CORE 5kV
 CURRENT PER CORE 23kA

e TOTAL LEAKAGE INDUCTANCE ~ <10uhy

e SECONDARY STRAY CAPACITANCE <400 pfd

1.4 Transformer Core design

If the efficiency goal is to be obtain the losses in the large
core must be small. The core area is set by the volt second
requirement and voltage clearance to support the 500 kV
pulses. To deduce the core volume and losses, the
transformer core will be made of small inside diameter
Metglas uncut tape wound cores. Each of the four core

stacks has a different inside diameter core to corresponded-

to a average voltage gradient in the secondary winding oil
insulation of < 250 volts/mill and a peak gradient of < 400
volt/mill. We have been studying different amorphous
magnetic materials. The first modulator well be made with
Alli'edSignal 2605SA1 Metglas because of its availability,
however Hitachi FT-1 Finmet or nanocrystalline alloys
which are now becoming available may be used to reduces
the core losses even further. (Figure 2.)
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Figure 2. Test Core Magnetising current

1.5 Solid State Drive

With the use of IGBT's the drive for the core is simple,
consisting of a DC charge capacitor in series with the
IGBT driving the individual magnetic core. A prechared
snubber capacitor with fast diode is used across the core to
absorb the reflected energy from stray inductance and
capacitance under normal and fault conditions. A pulse
reset of the core is used to insure that the core is totally
reset before the next pulse. The addition of transorbs from
collector to gate of the IGBTs absorbs the stray inductive
energy of the IGBTs and capacitor in the IGBT during

turn off. The IGBT and its driver are grounded. The
energy storage capacitor is charged through the
transformer core. A pulse reset circuit consisting of four
lower voltage IGBT's resets the core. Figure 3.

2ISSAT CORE

KV, 2120A
16w, 167 ‘
0820068

Figure 3. IGBT Drive circuit

We have tested several different IGBTs for turn on and
turn off characteristics. The EUPEC FZ800R33KF1 is the
best so far. It's turn on and off times are consistent with a
200 msec. rise time of the output pulse. The first prototype
modulator well consists of two of the 3.3 KV IGBT in
series, to be replaced with one 6.5 kV IGBT when they
are available. Figure 4.
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Figure 4. EUPEC FZ800R33KF1 Pulse

The drivers well be mounded on a PC Board in air and
arranged so that they can be plugged into the transformer
core for easy replacement. Figure 5.

Figure 5. PC Board Core Driver circuit
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1.6 Simulations & Calculations

Spice simulations were made on the induction modulator
driving eight klystron with a 100 cell induction modulator
using the turn on and turn off characteristics of the
EUPEC IGBTs. The resulting waveform had a small
amount of overshoot ringing. By delaying turn on of less
than 20 % of the cells the waveform performance can be
improved. Figure 4. The Spice simulations did not
adequately take into account the losses introduced by the
transformer cores, which should help in reducing the
waveform ringing. The resulting rise time was
approximately 200 nsec. The resulting waveform power
efficiency of better than 89%, which indicates the
possibility of reaching the 75% efficiency goal. Figure 6.

E L Tio Tek TG
WHUT 2 e .
Lpwra, 100 PRl PRI

. Figure 6. Spice Simulation with Delayed Turn On
1.7 Model of Induction modulator

A model of the induction modulator was fabricated to
study the performance of the cores and IGBT’s. It
consisted of 6 core with 0.004 Volt-Second driven from 6
1700 volt IGBTs. There were 4 secondary turns. In
addition there was a saturated core to increase the rise
time and lower the IGBT losses. Figure 7.

Figure 7. Model Induction Modulator

The model demonstrated that the concept was workable.
The total reset of the magnetic cores, allowed for one ore
more of the IGBTs to be not functional or shorted with
only a reduction in the output voltage in the overall
performance of the system. Figure 8.
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Figure 8. Model Waveform
1.8 Induction modulator advantages

There are several addition advantages of the Solid State
induction modulator over the conventional modulator. All
of the high voltage parts are inside the transformer core
and not exposed. The core drivers are at ground potential
with only the IGBTs collector and the capacitor are at
moderate voltages. The addition of more driver cells then
are required for the 500 kv results in redundancy so that
an individual driver or core could fault without effecting
the overall operation of the modulator. The pulse duration
is only determined by the volt-seconds in the core so that a
shorter pulse can be obtained by timing for conditioning of
the klystron or accelerator or if operated at a lower voltage
a longer pulse is available.

1.9 Conclusions

From the modelling, measurement of core, and IGBT and
calculation it appears that the induction modulator is
feasible and practical. It has the potential of high
efficiency and reliability and low cost. Figure 9.
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Figure 9. Efficiency Calculation

The R&D on a prototype modulator is underway with a
collaboration of SLAC and LLNL to produce a working
unit by the end of FY 00.
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FAST SCR THYRATRON DRIVER'

M. N. Nguyen

Stanford Linear Accelerator Center
Stanford, California 94309

Abstract

As part of an improvement project on the linear
accelerator at SLAC, it was necessary to replace the
original thyratron trigger generator, which consisted of
two chassis, two vacuum tubes, and a small thyratron. All
solid-state, fast rise, and high voltage thyratron drivers,
therefore, have been developed and built for the 244
klystron modulators. The rack mounted, single chassis
driver employs a unique way to control and generate
pulses through the use of an asymmetric SCR, a PFN, a
fast pulse transformer, and a saturable reactor. The
resulting output pulse is 2 kV peak into 50 Q load with
pulse duration of 1.5 ps FWHM at 180 Hz. The pulse
risetime is less than 40 ns with less than 1 ns jitter.
Various techniques are used to protect the SCR from
being damaged by high voltage and current transients due
 to thyratron breakdowns. The end-of-line clipper (EOLC)
" detection circuit is also integrated into this chassis to
interrupt the modulator triggering in the event a high
percentage of line reflections occurred.

1 INTRODUCTION

The original thyratron driver had been designed and used
since the beginning of SLAC modulator operations in the
middle sixties. It could generate up to 5 kV at 1.5 us
pulses. However, it was large and heavy, required
frequent intervention, and used PCB dielectric capacitors
and unreliable thyratron and vacuum tubes. In 1992, a

BR1 Rt R2 RS

=7

modulator reliability improvement project was established,
and one phase was to replace these original drivers with
solid-state trigger drivers utilizing modern components
and packaging techniques. Besides meeting certain
electrical and mechanical requirements, the new trigger
generator reliability and manufacturing cost were of major
concerns. Fast and extremely stable thyratron drivers had
been designed and built for the kicker systems at SLAC
[1-2], but they were quite expensive because of high part
and assembly costs. This report describes the design and
performance of an economical, reliable, fast, and high
voltage thyratron driver.

2 DESIGN

A simplified circuit diagram of the driver is shown in
figure 1. The basic pulse generating circuit consists of four
essential components. They include a pulse transformer, a
PEN, a thyristor, and a saturable reactor.

The pulse transformer T2 was commercially made by
Stangenes Industries. It has a turns-ratio of 6 to 1 with a
primary leakage inductance of only 100 nH.

The PFN, which comprises C2, C3, and L1, is a 1-section
voltage-fed network that simulates an open-ended
transmission line [3]. Its characteristic impedance, Zn, was
designed to match with the load impedance reflected
through the transformer. Lumped parameters were
determined as follows.

%]
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I o s
T2 R7
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Fig. 1: Simplified circuit diagram.

* Work supported by the Department of Energy under contract No. DE-AC03-76SF00515.

0-7803-5573-3/99/$10.00@1999 IEEE.
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C2=Cn
C3=Cn/2
Ll= 2Ln/n?

where network capacitance Cn and inductance Ln were
derived from the desired 50 Q load impedance and 1.5 us
pulse duration.

Zn = Zload / N?
=50/6°=14Q

Cn=1t/27n
=15x10°/2x1.4=0.6 uF

Ln=Cn Zn?
=0.6x10°x1.4*=12pH

The thyristor Q2 is an asymmetric SCR from Mitel model
ACR44. 1t is rated at 1200 V, 69 A RMS, and was
particularly selected for its high di/dt rate of 2000 A/us.

The saturable reactor L2 reduces the output risetime by a
factor of three. It has a volt-second product of 225 Vs,
which was determined from the capacitor C6 charging
voltage. Fair-Rite 43 NiZn material was used because of
its relatively high magnetic flux density and low cost. An
off-the-shelf ferrite bead P/N 2643540202 was then
selected to fit in the available space on the PC board. The
core od., id., and length h is 14.3 mm, 6.35 mm, and
13.8 mm respectively. From common transformer
equations, the number of turns (N), the current required at
saturation (Is), and the saturated inductance (Ls) were
calculated as follows.

N=Epkts/ AB Ac

where:
AB =Bs=0.275T at Hs = 795 A/m
Ac=h(od-id)/2 =55 x 10° m?
le =2r(od +id)/4=32x10"m

N =225x10°/0.275 x 55 x 10® = 14 Turns

and:
Is=Hsle/N
=795x32x 107/ 14
=1.8 A = 5% load current
and:
Ls=puN?Ac/le
where:

pL =pOpsat =1.256x 10°x2=2.5x 10° H/m

Ls=2.5x10%x 14%x 55 x 10°%/32 x 10° = 0.85 uH
The following is brief description of the circuit operation.
Low-level voltages simultaneously trigger three
retriggerable monostables of 1 second, 120 s, and 5 ps

wide pulses. The first pulse of 1 second, which is gated
by US, switches on solid-state relay K1 for the high

voltage power supply. Subsequent pulses of 5 ps and 120
us are then used to trigger SCR Q2 and MOSFET Q1.
While the MOSFET serves to turn off the SCR by
shunting anode current, it is also used as a switching
element to regulate the PFN charging voltage by way of
error amplifier U2. Figure 2 shows waveforms of Q1
switching regulation and PFN charging voltages.
Comparator Ul monitors peak and average currents of the
modulator EOLC, and turns off the power supply when
these currents exceed a predetermined value.

1.8V - T

200v 1

/aiv

~200V N . " a - 2
~1,96ms ama/div 18.04ms

Fig. 2: Typical MOSFET and PEN charging voltages.

When the AC line supplies 120 V to power transformer
T1, the secondary voltage is rectified and filtered and
shunt-regulated to = 640 VDC by BR1, Cl, R1, R2, and
Q1. The PFN is resistively charged at the same time by the
regulated voltage via R2, R3, and D2. Once Q2 is turned
on, the PFN discharges one-half of its voltage into the
primary of pulse transformer T2. The secondary voltage is
then applied to saturable reactor L2 which, when
saturated, sharpens the output voltage rise. The resulting
pulse output of 2 kV peak into 50 Q resistive load (4 kV
open circuit) at 1.4 ps FWHM is shown in figure 3.

3.5k T -+ 1 v v r r
goov ;
/div
© ~4.5kY N s . "
~1,232us 400ns/div 2.768us

Fig. 3: Output voltage waveform.

Figure 4 shows the effect of saturable reactor on output
risetime. A 1-stage pulse sharpener shortens the voltage
rise as shown from 119 ns (10 — 90%) to 36 ns. A second
stage, which has been tested with CMD-5005 core but not
been implemented on this chassis, further reduces the
risetime to 12 ns.

Thyratron breakdowns as a result of either misadjusted
reservoir voltages or aging thyratrons [4] can generate
destructive transient voltage and current for the SCR;
therefore, several SCR protection devices are necessary.
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Fig. 4: Voltage rises before and after 1-stage sharpener,
and saturating reactor voltage.

50ns/div 181ns

Fast turn-on diode D3 and transzorb D4 are used to limit
the anode reverse and forward blocking voltages. On the
output side, VR1, which consists of two series GE metal-
oxide varistors rated 180 joules at 1.2 kV each, clamps
down transient voltages while diode D5 blocks the
reverse current. To further reduce the chance of an SCR
failure by a soft turn-on due to high ground potentials,
which can sometimes build up on the gate after a rapid set
of thyratron fire-throughs, an active feedback scheme is
employed. A portion of the output voltage is gated
through U6 with the 120 pus command trigger pulse. A
thyratron arc that randomly occurs outside this timing
window would immediately turn on the SCR and shut off
the high voltage supply for a period of 1 second before
returning to normal operation.

For ease of manufacture and low assembling cost, all
connectors and electrical components were mounted on a
single 0.093 inches thick PC board. One exception was
the output HN connector that must be mounted directly
on the chassis for mechanical strength. The driver was
simply constructed by fitting together the PC board, front,
rear, and side panels of a standard 19 x 5.25 x 8 inches
rackmount chassis. Figure 5 shows a photograph of the
complete trigger generator PC board.

Fig. 5: Photograph of the complete driver on PC board.

3 PERFORMANCE

Jitter and long-term timing drift were measured with SR-
620 Universal Time Interval Counter. The test conducted

at 120 Hz with a sample size of 5000 shots. A typical
result of jitter distribution is shown in figure 6. The graph
displays a peak-to-peak jitter of 320 ps with standard
deviation or RMS jitter of 72 ps. Throughput delay,
defined as the timing difference (on rising edges at half
maximum) between the trigger input and the pulsed
output, is 580 ns. A 24-hrs run test at 20°C temperature
excursion resulted in a timing drift of less than 3 ns.
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Fig. 6: Histogram of jitter distribution.

The mean time to failure (MTTF) rate, which was
calculated based on actual data collected over several
years, is 195,000 hours. More detailed discussions of the

modulator reliability can be found in the report [5].

4 CONCLUSION

New thyratron drivers for the 244 SLAC klystron
modulators have been economically built and operated
since 1994. In several years of operation, these drivers
have contributed to the modulator stability and proven to
be very reliable.
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Damping Ring Kickers for the Next Linear Collider*
C. Pappas, R. Cassel
Stanford Linear Accelerator Center

ABSTRACT

The Next Linear Collider (NLC) uses a damping ring for
the electron beam, a pre-damping ring and a main
damping ring for the positron beam to reduce the beam
emittances. The requirements of the main damping ring
kickers are to bend a 2 GeV beam by an angle of 2 mrad
over a length of 1.2 m. This results in a required field of
139 G. The magnet aperture is 30x30 mm. The pre-
damping ring kicker requirements are based on a 2 GeV
beam with a bend angle of 8 mrad in 1.2 m, or a field of
308 G. The magnet aperture is 62x45 mm (HxV). A
pulse width is 130 ns with rise and fall times of less than
60 ns is the same for both the pre-damping ring and main
damping ring kickers. The three rings operate at a 180 Hz
repetition rate'.

The kicker magnets being developed to meet these
requirements consist of two strip line conductors in the
vacuum chamber, for the pre-damping ring kickers they
may be loaded with ferrite, to give a matching impedance
of 25 Q. The buses are separated from magnetic flux
linkage by a grounded flux excluder, which also serves as
a low impedance return for the beam current. Both busses
of the magnet are driven in paralle] from the same
modulator and are grounded at the end opposite the feed.
The modulator uses two IGBT stacks which both act as

opening switches in order to meet the rise time

requirements.
1. Damping Ring Kicker Magnets

Several types of magnets were considered to meet the
difficult rise time parameters for the damping ring
kickers. An air core, strip line, matched impedance
magnet was decided upon because of its simplicity, low
cost, and it uses no non-linear materials’. The magnet is
made from a slotted pipe which is housed in the vacuum
chamber. A metal strip is brazed onto the top and bottom
of the slotted pipe to prevent magnetic coupling between
the two busses during the pulse rise time. A drawing of
the magnet is shown in Figure 1. This magnet was
analyzed with the electro-magnetic field solver
MAXWELL. The impedance of the magnet was
calculated to be 32 Q, and the one way transit time to be
3.49 ns per meter. A plot of the B field magnitude with a
drive current of one ampere is shown in Figure 2.

*Work supported by Department of Energy contract DE-
ACO03-76SF515.

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1. Proto type slotted kicker magnet.
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Figure 2. Calculated B field magnitude.

A one meter long, stainless steel magnet was built and
tested. An oscillograph of the magnet current, B dot, and
the B field are shown in Figure 3. It can be noted from
this data that the current in the magnet is constant while
the B field rises as time progresses. After eliminating the
B dot probe, electric fields, digitization error, and other
measurements errors, it was determined that the slope of
the B field might be explained by skin depth effects
caused by the stainless steel. Because the resistivity of
stainless is approximately fifty times greater than copper,
the steel magnet structure will allow the currents to
penetrate further into the conductors, essentially
increasing the width of the slits, and hence the magnetic
field. The magnetic filed was recalculated allowing the
currents to penetrate further into the magnet busses by
increasing the permeability of the conductors. It was
found that the magnetic field intensity increased by a
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factor of approximately 12 % with a decrease in the
permeability of the conductors used in the calculations
for 0.001 to 0.01. Based upon these calculations the
magnet was plated with 10 mils of copper, and tested
again. The results of this testing are shown in Figure 4,
where it is clearly seen that the B field no longer

increases during the pulse
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Figure 3. B field and current in the stamless steel magnet

Further measurements were then made both with and
without the shield in place, and the results where
compared with the calculated values of the magnetic gain.
The B dot probe was rotated 180 °for each measurement
and the traces were subtracted to eliminate the effects of
electric field. Figure 5 shows the magnet current, and
integrated B-1 curve with the shield, and Figure 6 shows
the same curves without the shield. The measured gain of
the magnet with the shield is approximately 69 mG/A,
while the calculated gain is approximately 71 mG/A.
With the shield removed the gain is measured to be
approximately 118 mG/A, and the computed gain is 117
mG/A.

The impedance of the magnet was then measured with a
TDR and compared with the calculated values. The
measured impedance with the shield was approximately
35 Q and the computed impedance was 32 Q. Without
the shield we measured the impedance to be 61 €2, and
calculated it to be greater than 53 Q. Initial beam
impedance measurements performed at Lawrence
Berkeley National Laboratory indicate that the magnet
structure will not seriously impact beam performance.

2. The IGBT Based Modulator

A solid state modulator which uses a set of IGBTs as the
switching element is being developed. A schematic of the
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Figure 5. Magnet current and integrated field with shield.

circuit is shown in Figure 7. The operation of the circuit
is as follows. The IGBT stack to the right is turned on to
begin charging of the capacitors through the diodes.
When the capacitors are fully charged the IGBT stack to
the left is turned on, putting the full voltage across the
saturable reactor. Just as the core of the reactor saturates,
the IGBTs to the right are opened, transferring the current
to the load. The pulse is ended by opening the IGBT
stack on the left. This switching scheme is done to utilize
the opening characteristics of the IGBT modules, which
are faster than the closing speed. A model of the circuit
has been built which uses three Eupec BSM-300GA-
170DN2S, 1700 V, IGBTs in each stack. The circuit has
been fully tested, and was used as the pulser for the data
in this paper’. Higher voltage devices (3300 V) have also
been purchased, and have been found to have better
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switching characteristics. We are currently waiting
delivery of 6500 V devices®.
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Figure 6. Magnet current and integrated field without
shield.
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Figure 7. Schematic of solid state modulator.

3. The Pre-damping Ring Kickers.

Work has begun on the pre-damping ring kickers, with
several different types of magnets under consideration. A
slotted pipe kicker similar to the one above, a similar

magnet which would be ferrite loaded, and a traveling

wave C-magnet similar to the SLAC damping ring
kickers® are being studied. With the simple geometry
shown in Figure 8, the magnetic gain and impedance of
both an air core, and ferrite loaded kicker magnet have
been calculated. For the air core magnet the gain is
approximately 35 mG/A, with an impedance of 46 Q.
This magnet would therefore require the IGBT to switch
4400 A, if a circuit similar to Figure 7 were used. When
the magnet is loaded with ferrite, the magnetic gain is
increased to approximately 160 mG/A, and the
impedance is reduced to 27 Q, therefore the IGBT current
would be reduced to 963 A. The field is also slightly
more uniform if the magnet is load with ferrite. One

problem with a ferrite loaded magnet, besides complexity
and cost, is that some method would have to be
incorporated to make sure that there are no large air gaps
between the ferrite and the conductors. The ferrite could
be put into the vacuum chamber and sandwiched between
the conductors and a sheet of soft metal such as indium,
or the ferrite could be potted between the busses, which
would necessitate a ceramic beam pipe. Another problem
is that he ferrite would load the beam, which would

o -

Figure 8. Magnetic ﬂux lmes in ferrite loaded kicker.
4. Conclusions

A slotted pipe kicker magnet is being developed at SLAC
for the NLC damping rings, which does not appear to
have any major problems. It can be driven by a solid
state, IGBT based modulator. The overall cost and
reliability of such a kicker system should be much better
than for a conventional type of kicker system.
Development of a pre-damping ring kicker system has
begun, with several options available. Further research is
required before a decision can be reached as to which
technology is preferable.
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IMPLICATIONS OF NEW INDUCTION CORE MATERIALS AND
COATINGS FOR HIGH POWER INDUCTION ACCELERATORS )

A. W. Molvik*, W. R. Meier, R. W. Moir, LLNL, Livermore, CA;
: A. Faltens, LBNL, Berkeley, CA

* Abstract

Two recent developments enable induction accelerators to
achieve better' and more consistent performance with
higher efficiency. First, bétter and more consistent perfor-

mance is achieved with insulating coatings that allow

magnetic cores to be annealed after winding. Second,
losses are reduced by a factor of 2-3 with nanocrystalline
alloys, while the flux swing is only slightly reduced to
2.0 T compared with 2.3 T with economical amorphous
alloys. One metric for selecting between the alloys is the
cost-of-electricity, COE. A systems code optimizes an
accelerator and compares the COE for higher flux-swing
amorphous and higher-efficiency nanocrystalline materials
and for several variations in assumptions.

1 INTRODUCTION

Heavy ion inertial fusion (HIF) has attractive prospects for
generating electrical power at reasonable cost, with high
availability, safety, and low activation.[1,2] These advan-
tages are, in large part, due to the use of thick liquid walls
of Flibe, a lithium-containing, low-activation molten
salt.[2] The liquid walls shield the vacuum chamber solid
walls from neutrons and gamma rays and also generate
tritium in a continuously replaced blanket that eliminates
the need to shutdown for blanket replacement, thereby
providing high availability.

Induction accelerators have been selected by the U.S.
HIF program because their high current and high power
capability eliminates the need for one or more storage
rings to accumulate, then rapidly extract the ion beams.
Acceleration occurs from pulsing a voltage across the
primary winding of a magnetic core, which then couples
through an insulating vacuum barrier to induce a voltage
along the beam. By timing the pulsers to reach full
amplitude as the beam arrives, the ion beam experiences a
succession of D.C. accelerating fields.

Induction cores and pulsers form one of the major cost
areas[3] for HIF: to achieve GeV range ion energies and
several MJ beam energy per pulse requires of the order of

107 kg of magnetic alloy tape. The coupling of the cores
to the beams is determined by Faraday's Law, which for
our purposes is conveniently expressed as

V. At= AAB

'Work performed under the auspices of the U.S. Department of
Energy under contract No. W-7405-ENG-48 (LLNL) and DE-ACO03-
76F00098 (LBNL).

Email: molvikl@lInl.gov
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where V is the voltage induced across an insulated gap for
a time At, by a core with a cross-sectional area (equivalent
solid metal area) A, and a magnetic flux swing AB.

Short pulse performance is strongly degraded by

‘interlaminar eddy currents, unless interlaminar insulation

is provided. By applying Faraday's law to a single
lamination (15-25 pm thick and 0.025-0.2 m wide) with a
flux swing of AB=2.3 T for durations between ~0.2 us and
20 ps, we find the average interlaminar voltage can reach
~60 V. The difficulty of insulating cores is increased by
the necessity of magnetic annealing (at 300-550° C in

~80A-turns/m ‘magnetic field paraliel to the laminations
and perpendicular to the core axis) in order to maximize

. AB and minimize the core losses. The insulation must not

only withstand the temperature but must not apply
significant mechanical stress to the alloy during cool-
down, or the performance will be degraded.

We have used mica-paper insulation, co-wound with
METGLAS 2605SC,[4] and proprictary inorganic insu-
lating coatings supplied by core manufacturers in the tests
described here. After surveying a variety of alloys,[5] we
selected two distinct types to examine with a driver and
power plant systems code.[3] The alloys are 2605SC from
Allied Signal, selected for a larger usable flux swing of
2.3 T and moderately low losses, and the nanocrystalline
alloy Finemet FT-1H from Hitachi (VITROPERM 800F
from VACUUMSCHMELZE is similar), selected for a
moderate flux swing of 2.0 T and very low losses, as
shown in Fig. 1 and listed in Table 1. Core losses account
for most of the pulsed energy losses in an induction linac,
so minimizing the core loss decreases the capital costs of

1000 }

8

Core loss (J/m3)

10 .
10°

Magnetization rate (T/s)

Figure 1: Loss data (plus) and fits for 2605SC amorphous
(solid line) and FT-1H nanocrystalline (dashed line) cores.
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Table 1: Loss coefficients and loss in J/m? for two pulse
durations 0.42 and 1.0 ps.

Alloy Loss coef. Loss(0.42,1.0)
2605SC 81, 193, 119 1044, 577
+bias 89, 213, 132 1433, 782
FT-1H 51, -49, 200 565, 241
+ bias 55, -54, 220 855, 363

pulsers and increases the accelerator efficiency. Core

losses are fit by[6]

o )-o(a5) o555 +<(53) (5

where B is in Tesla, dB/dt is in T/us, and the coefficients
are listed in Table 1.

We use $5/kg as a cost goal for assembled cores of
2605SC. Based on estimated niobium costs of ~$30/kg,
the 3% Nb in nanocrystalline materials would add ~$1/kg
to the cost, so we assume $6/kg for assembled
nanocrystalline cores.

2 ACCELERATOR SYSTEMS STUDY

The accelerator design parameters are chosen to satisfy
constraints imposed by the fusion target design. For this
paper, we design to a close-coupled target[7] which
minimizes accelerator costs by requiring less beam energy
(3.3 M)) to deliver a yield of 430 MJ vs. 5.9 MJ to
deliver a yield of ~400 MJ with a previous distributed
radiator design.[8] The disadvantage of using the close
coupled target is that each elliptical beamlet must be
focused to an area with an equivalent circular spot radius
of 1.7 mm, as compared with 2.7 mm for the distributed
radiator target. The close-coupled target calculation used a
lead ion beam, but the systems code finds lower costs
with lower mass ions.

Systems studies have shown that lower M/Q ions with
their lower ion energy will shorten the accelerator and
reduce costs.[9] The target performance is essentially
invariant to the beam-ion mass, if the ion energy is
adjusted to keep the range (stopping distance) constant,
and the pulse duration and beam energy (MJ) remain the
same. The optimum is below M/Q=50, but the higher
beam current requires better space-charge neutralization[10]
in order to focus the beam to the 1.7 mm spot radius

required on target. Kr* was chosen as a compromise: it is
near the minimum cost for present concepts of induction
linacs, without requiring the maximum neutralization.

The target requirements are met with a 1.3 GeV Kr* main
pulse ion beam to deliver 2.8 MJ in 8 ns and a 0.85 GeV'

Krt prepulse ion beam to deliver 0.5 MJ in 30 ns. A
lower ion mass could further reduce the costs by ~20%.
The accelerator architecture is  simplified by
transitioning to magnetic quadrupole focusing at a low
energy of 1.6 MeV, and omitting beam combining.
Several optimizations by the systems code for 2605SC
are shown in Fig. 2, where the cost multiplier is plotted

vs. the reference value multiplier. The nominal energy at
which the beam radius becomes fixed at 0.01 m, rather
than continuing to decrease with energy, is 500 MeV.
Allowing the radius to decrease further reduces costs by
decreasing the core volume at fixed area, but magnetic
quadrupole construction and beam alignment become more
difficult. Even the minimum radius of 0.01 m, assumed
here, is quite challenging. Increasing the number of beams
to beyond 140 (30 in the prepulse and 110 in the main
beam) does not decrease costs because not only is the
minimum beam radius fixed, but the beam-to-wall
distance, and the thickness of cryo-insulation are also
fixed. The cost vs. initial pulse duration apparently
optimizes near 24 ps, but beyond 20 us, the spot size on
target exceeds the required 1.7 mm, so 20 ps is the usable
optimum. (The beam duration is reduced to 200 ns as
rapidly as possible after injection. It then remains constant
for the rest of the accelerator, where the core pulse
duration has a minimum of 420 ns.) Finally, increasing
the quadrupole magnetic field decreases the core inner radii,
until the superconducting cable thickness builds up faster
than the beamlet radius decreases.

The current per beamlet of the prepulse (main pulse) is
1.0 A at the injector, 96 (97) at the end of the accelerator,
and 650 (2450) at the target. The prepulse beam is
separated from the main pulse beams at 0.85 GeV. The
main pulse beams are then accelerated further to 1.30
GeV. A velocity tilt is applied to the beams near the end
of the accelerator to compress them to 30 (8) ns over a
drift compression distance of a few hundred meters. During
drift compression, the beams are also split into 2 groups
that impinge on the target from opposite directions.

The core geometry is optimized, subject to constraints
on the axial voltage gradient. The core costs scale with the
core mass or metal volume V, which is given by

V=7 eppL AR (2R; + AR)

where €pF is the packing fraction, L is the length, Rj the
inner radius, and AR the radial build up. Since the cross-
sectional area A = €pr L AR must satisfy Faraday's Law,
the acceleration voltage V¢ from a core is

V¢ = (epr L AR) AB/At
The core efficiency 1 in terms of core loss is

Mo = ([ Ve ADKI Vi At + Loss(AB,At) V)
= (IAB)/ (I AB + Loss T (2R; + AR),

so high beam current and low losses increase efficiency.
The pulser efficiency 1, is taken as 75% or 50%.

Our results, comparing 2605SC with nanocrystalline
materials, are shown in Table 2. We find that, as expected
for its higher flux swing, 2605SC requires less mass of
cores, and has lower direct costs; whereas nanocrystalline
materials have lower losses for higher efficiency and
reduced circulating power in the driver. These effects
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Figure 2: Accelerator optimizations

partially cancel, leaving 2605SC with a lower cost-of-
electricity, COE, by 3.3%. Increasing the flux swing
slightly by back-biasing the cores reduces the COE for
2605SC by 0.4%, and for FT-1H by 1.1%, resulting in
2605SC still 2.6% lower. The COE, quoted in Table 2,
are relatively low for a 1 GWe fusion plant. Economies of
scale reduce the COE to 3.4 cents/kWh for a 2 GWe plant.
These are competitive with other sources of power except
natural gas without carbon sequestration.

Three design choices lead to the low costs with an
increase in the technical risk: (1) The low-mass ion Kr+
requires a lower energy, higher current accelerator, only
1000 m long; but requires 99% beam neutralization at
final focus. (2) The close-coupled target has lower beam
energy requirements, but a demandingly small focus radius
of 1.7 mm and tighter tolerances on beam-target aiming.
Focus and neutralization are costed at $8 M.[3] Target
injection experiments to date show an ability to determine
target position in the target chamber to within 0.22
mm.{11] (3) The beam radius is only 0.01 m in the
accelerator. The minimum beam radius is determined by
alignment accuracy, cryo-insulation thickness, quadrupole
magnet design (typically 0.05 m radius), and other issues.

The direct costs for the driver are $600 M, compared

with $1400 M for a 59 MJ Pb*t accelerator.[3] This
shows the high cost-leverage of developing effective
beam-neutralization techniques combined with a precise
final focus and target injection and steering techniques.
The sensitivity of the COE to our assumptions about
the core and pulser parameters is listed in Table 3. Engi-
neering studies, by industry, of thyratrons and capacitors
concluded that redesign for quantity production could
reduce costs by factors of several. Pulser costs then drop
from $10/7 [3] to $2/], both values are listed in Table 3.
With these changes, the pulsed power accounted for only

Table 2: Systems code results, second value is for back-
biased core.

2605SC FT-1H
Flux swing, Tesla 2.3, 2.43 2.0, 2.15
Core mass 10°kg 15.5, 14.4 18.5, 16.9
Ave. core eff., % 50.4, 479 57.5, 54.4
Accelerator direct 612, 602 669, 650
costs, $M
COE, cents/kWh 4.55, 4.53 4.70, 4.65

Table 3: Sensitivity of COE (Cents/kWh) to core alloy,
pulsed power efficiency 1, and cost C, and back-biasing .

. COE | % Change
Base case 2605SC, 1,=75%, C=$2/] | 4.55 0.0
Lower pulser efficiency, n, =50% 462 | +1.5
Higher pulser cost, C=$10/J 4.79 +5.3
Both, 1}, =50%, C=$10/J 499 [+9.7
Base case, back-biased 2605SC 4.53 -0.4
Use Finemet FT-1H @$6/kg 470 | +3.3
Use FT-1H with m, =50% and 5.08 +11.6
C=$10/1
Finemet FT-1H @ $5/kg 4.62 | +1.5
Back-bias FT-1H @$5/kg 4.58 +0.7

12% of the costs in the magnetic focus portion of the
accelerator, down from 40% in earlier studies.[3]

Core efficiency becomes more important with more
expensive and lower efficiency pulsers, as shown in Table
3. The lower flux swing of the nanocrystalline material is
as important as its higher price in increasing the COE: at
core costs of $5/kg, the COE still increases by 1.5%.
Back-biasing either material results in a slight decrease in
the COE, assuming that the pulser cost increase is only
due to increased energy storage. Because the COE
difference is small between amorphous and nanocrystalline
materials, and because their magnetic performance and
impedance variations are distinctly different, these other
characteristics may also play a significant role in the
selection decision.
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A HIGH POWER LINEAR SOLID STATE PULSER

Boris Yen, Brent Davis, Bechtel Nevada — Livermore/Las Vegas Operations
Rex Booth, E2 Consulting Engineers :

Abstract

Particle accelerators usually require high voltage and high
power. Typically, the high voltage/power generation
utilizes a topology with an energy store and switching
mechanisms to extract that stored energy. The switches
may be active or passive devices. Active switches are
hard or soft vacuum tubes, or semiconductors. When
required voltages exceed tens of kilovolts, numerous
semiconductors are stacked to withstand that potential.
Such topologies can use large quantities of crucial parts
that, when in series, compromise a system’s reliability and
performance. This paper describes the design of a linear,
solid state amplifier that uses a parallel array of
semiconductors, coupled with unique transmission line
transformers. This system can provide output signals with
voltages exceeding 10 kV (into 50-ohms), and with rise
and fall times (10-90 percent amplitude) that are less than
10-ns. This solid state amplifier is compact, modular, and
has both hot-swap and soft-fail capabilities.

1 INTRODUCTION

Development of the High Power Linear Solid State Pulser
(HPLSSP) is a continuation of kicker modulator work at
Livermore, CA. The present hybrid solid state and planar
triode kicker modulator [1} is being upgraded; the solid
state complimentary stage hybrid microcircuit (HMC) will
replace the first stage (YU-176 planar triodes) that drives
the grids of the Y-820 output tubes.
Recent advances in high power impedance “matchers”

[2], [7] (Transmission Line Transformers or TLTs)
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Figure 1: Simplified HPLSSP system block diagram
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encouraged us'to develop an all, solid state, linear pulser.
This pulser uses Coplanar Kelvin leaded MOSFETS [3] in
an open loop, delayed feedback .architecture, and relies
upon distortion compensation [4] to assure an acceptable
output. Figure 1 is a simplified block diagram of that
system. All of the signal paths from the 84X splitter to the
50-ohm load are in transmission line configurations.

2 SYSTEM RELIABILITY

Key to the success of any system is reliability; reliability is
dependent upon operating time and failure rate. Failure
rate is related to the number of crucial parts that must
function in order for the system to perform its mission.
For applications (such as beam splitting) in large scientific
machines, down time translates into wasted expenditures.
Reliability can be enhanced by 1) Pre-screening
components. 2) Pre-testing components and modules, 3)
Reducing the quantity of critical serial parts, 4) Designing
redundancy into the operating system, and 5) Using
passive components when possible.

A parallel, modular system with passive voltage
multiplying TLTs is especially attractive for highly
reliable systems. Such a system’s reliability or probability
of success can be expressed mathematically [5] as:

Py =1-(1-P)"

Where: Py = Success Probability of N parallel systems.
Py = Success Probability for one system.
N = Number of parallel systems.

The current HPLSSP system has a 20% redundancy.
There are six parallel channels in each module (five active
and one backup) and 14 modules (12 active modules) in
this system. This topology, however, will adapt to any
number of parallel modules/systems, limited only by time
and cost constraints.

Should one of a module’s active five channels fail, the
system computer will inhibit the defective channel,
activate that module’s backup channel through an
impedance-matched switch, SW1. If a second channel
fails in that same module, the computer will power down
the entire module and disconnect it from the system (by

_disengaging its transmission line edge connector). One of

the system’s two redundant modules will then be put into
service (see Figure 1). With each configuration change
due to component/module failure, new predetermined
distortion compensating information is downloaded to the
computer to compensate for any differences between the
failed and the backup components/modules. This modular
system will tolerate faijlures in any two of its twelve
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modules without service interruptions. The system also
has hot swapping capabilities for servicing and
maintenance.

Compactness and weight advantages of the HPLSSP
make it attractive for airborne and space applications.
These advantages are possible because of parallel-ground
referenced modules, open loop architecture and high ratio
impedance TLTs that use less magnetic material than
conventional TLTs. See section 4 for TLT descriptions.

3 SOLID STATE MODULE

A simplified block diagram of the solid state module is
shown in Figure 2. It has three stages; 1) An Operational
Trans-conductance Amplifier (OTA), 2) A TLT, and 3)
The MOSFET pair.

=
FAULT I | 0500 v
a—1——JrauT R z
Aol ] DETECTO :
= 1 |

SIGNAL

|
INHIBIT—] p—— |
! I | —1es1eNaL ouT
FROM ; So——Jf— ‘
! :i 427 uF | TO TLTHR
I |

SPLITTER b N2mlt6 V. i

Figqre 2: Solid State Module simplified circuit.

Within the OTA stage is a voltage-to-current (V/I)
converter, video amplifier, two bipolar transistors and a
high bandpass RF transistor. A current source is
necessary because of the large dynamic changes to the
video amplifier’s input impedance during its operation.
The V/I converter can supply +75 ma. The OTA’s video
amplifier is biased from the dc rails (to avoid signal sat-
uration) and has a fixed voltage gain of about 20. Its
output signal swings from 5 to 75 volts. The ac coupled
final stages of the OTA (the complimentary pair and R.F.
transistor) are all in emitter-follower configurations. Their
rise and fall times (10-90%) are less than 3-ns. The
maximum linear output from the OTA is about 2.4-amps
into 25-ohms.

RF techniques are used in the PC board’s layout and in
its construction. The output of the OTA’s is through two
edge-launched, 50-ohm connectors whose center
conductor merge to provide a 25-ohm input to TLT1. The
OTA stage is driven by a 500-mV signal from the
system’s 84-way splitter. Figure 3 depicts the display of a
typical output signal from the OTA.

TLT1 has a 16:1

® / impedance ratio (25-
50 [ ohms input, 1.6-
ohms output). See

section 4 for more
details on TLTI.
The low impedance
from TLT1 is used
Y [to charge and
discharge the gate
capacitance of two
parallel MOSFETs

Signal (Volts)
8 8 8

=
-3

0 20 40 0 60 100
TIMVE (s)

Figure 3: OTA Signal Output

(from Directed Energy, Inc). This particular MOSFET is
chosen specifically because of its physical and thermal
attributes that are conducive to high speed and power
applications [3]. The MOSFET parallel combination will
deliver over 400-volts into a 3.2-ohm load. The MOSFET
footprint (excluding leads) is 1.80-cm x 2.54-cm.

3 T 1 The MOSFET op-
erates at less than
450-volts (it is a 500-
volt device). A 4.27-
UF signal coupling
1 capacitor isolates the
450-volts from all
components down-
stream of the MOS-
i FET. Figure 4 is a
photograph of the test
setup used to dup-
licate one of the
Solid State Module’s
five active channels.
The TLT for this experiment is oversized, but the output
impedance is the same as that of TLT1. Figure 5
graphically depicts
0 the signal output
from that simulated
channel. The data

Figure 4: Single channel setup of
Solid State Module

A
8

ém were acquired by
E driving the gates of
5% the MOSFET pair
400 \\ - J/ to about 15-volts
with a series, 0.5-

0 50 160 150 R
TIME (ns) ohm gate resistor

while having a 450-
volt drain voltage,
and a 3.2-ohm load.
The signal’s fall
time is about five nanoseconds. This test clearly
demonstrates the Solid State Module’s ability to deliver an
acceptable input to TLT2.

4 NEW TLTS

Figure 5: Single channel output of
Solid State Module '

The TLTs described in this paper differ significantly from
traditional TLTs [6] by combining both strip and semi-
rigid transmission cables so that signal propagation is
uninterrupted by segmented, coaxial connectors or lines.
Moreover, not all of the new TLT’s transmission lines
need magnetic cores. These improved TLTs can have
impedance ratios as high as 250:1 with sub-nanosecond
response even at relatively high power levels. They use
balanced windings of both strip and semi-rigid coaxial
transmission lines on cores of Mn-Zn ferrite. Figure 6
shows the general winding diagrams of TLT1, TLT2 and
TLT3. The winding turns, T, are relative -opposed to
absolute numbers. The core’s physical dimensions are
2.54 x 3.18 x 0.64 cm. for TLT1 and 6.45 x 8.08 x 2.40
cm for both TLT2 and TLT3.
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Figure 6:Diagrams of TLT1, TLT2 & TLT3

TLT1 provides a 1.56-ohm drive from the OTA. This
low impedance allows a rapid charge and discharge of the
FET gate capacitance (includes the Miller effect). Rise
and fall times of TLT1 are less than 600-ps, i.e. TLT1 has
only minor effects on the system’s overall bandpass. This
is also true for TLT2 and TLT3.

TLT2 increases the 400-volt signal from the FET to
about 1.6 kV. TLT2’s input and output characteristic
impedance is 0.6 and 10.0-ohms respectively. A TLT
similar to TLT2, but with a 16:1 imped-ance ratio, was
eval-uated relative to
signal droop caused
by- core non-linearity
and/or saturation.
Figure 7 (input) and
Figure 8 (output)
show the experiment-
al results. Note that
this particutar TLT
" inverts the input
signal. Without core
biasing, its output
signal follows the
input signal for almost
800-ns before core
effects become evi-
dent.

TLT3 steps up the
& 1.6 kV signal output
! from TLT2 to about
6.4 kV. This signal
amplification is
possible because ‘of
the TLT’s characteristic impedance change from an input
of 1.6-ohms to a 25-ohms output.

A cable multiplier sums the two TLT3 output signals
into 50-Ohms resulting in a final output of about 12 kV.

5 COMPUTER CONTROL

Figure 8: TLT Output Signal

The front end of the Solid State Module needs optimizing
to bring the temporal behavior of its signal into acceptable
parameters — to “linearize” the signal. We implement
defined, pre-distortion to the input signal to obtain sharp
rise and fall times of the solid-state module’s output
signal. A similar algorithm [1], [4] is used to linearize the

main amplifier. The parameters for these algorithms are
predetermined and stored for access by the HPLSSP’s
computer. Whenever the HPLSSP is operated, the main
input signal controlling the arbitrary waveform generator
is initiated only after the correct parameters are accessed
for the solid state modules, and the overall system.

The same computer that provides predetermined input
distortions to the input signals of the HPLSSP will also
repeatedly check for the operational integrity of the Solid
State Modules. Shown in the block diagram of Figure 1
(of section 1) is a fault sensor network for each module of
the HPLSSP. As describe in section 2, if components or
modules malfunction within the system, the computer will
sense the problem and replace the faulty components or
modules with their spares through electrical inhibitors and
actuators.

6 SUMMARY

We have presented the description and supporting data for

an ultra reliable, computer-controlled, HPLSSP. With

proper linearization the HPLSSP performs as a high

powered (10-kV, 200-amp), fast rise and fall time (<10-

ns) arbitrary waveform generator with the following

features:

1). A ground referenced,
component, modular system

2) A low cost, easily fabricated/maintained system using
state-of-art components.

3) A passive, high bandpass (sub-nanosecond rise time),
V/I multiplying TLT design.

4) A graceful degrading system with low component
count.

5) An open loop, computer controlled pulser.
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HIGH VOLTAGE MEASUREMENTS ON A PROTOTYPE PFN FOR
THE LHC INJECTION KICKERS

M.J. Barnes, G.D. Wait', TRIUMF. Vancouver, B.C., Canada
E. Carlier, L. Ducimeti¢re, G.H. Schréder, E.B. Vossenberg, CERN, Geneva, Switzerland

Abstract

Two LHC injection kicker magnet systems must produce
a kick of 1.3 T.m each with a flattop duration of 4.25 ps
or 6.5 s, a rise time of 900 ns, and a fall time of 3 s.
The ripple in the field must be less than +0.5%. The
electrical circuit of the complete system has been
simulated with PSpice[3]. The model includes a 66 kV
resonant charging power supply (RCPS), a 5Q pulse
forming network (PFN), a terminated 5 € kicker magnet,
and all known parasitic quantities. Component selection
for the PFN was made on the basis of models in which a
theoretical field ripple of less than 30.1% was attained. A
prototype 66 kV RCPS[1,6] was built at TRIUMF and
shipped to CERN. A prototype 5 £ system including a
PEN[2], thyratron switches, and terminating resistors, was
built at CERN. The system (without a kicker magnet) was
assembled as designed without trimming of any PFN
component values. The PFN was charged to 60 kV via the
RCPS operating at 0.1 Hz. The thyratron timing was
adjusted to provide a 30kV, 5.5 us duration pulse on a
5 Q terminating resistor. Measurement data is presented
for the prototype PFN, connected to resistive terminators.
A procedure has been developed for compensating the
probe and oscilloscope amplifier calibration errors. The
top of the 30kV pulse is flat to +0.3% after an initial
oscillation of 600 ns total duration. The post-pulse period
is flat to within +0.1% after approximately 600 ns from
the bottom of the falling edge of the pulse. A calculation
was performed in which a measured 27.5 kV pulse with a
5.5 us flattop was fed into a PSpice model of a kicker
magnet with a 690ns delay length. The resultant
predicted kick rise time, from 0.2% to 99.8%, is 834 ns
and the fall time 2.94 ps, for a field pulse with a flattop of
4.69 ps and a ripple of less than 10.2%.

1 INTRODUCTION

The European Laboratory for Particle Physics (CERN) is
designing a Large Hadron Collider (LHC) to be installed
in an existing 27 km circumference tunnel. The LHC will
be equipped with Injection Kicker Systems, devices for
providing a fast deflection of the incoming particle beams
onto the accelerator’s circular trajectory. Two pulsed
systems, of 4 magnets and 4 PFN’s each, are required for
injection. The injection sequence, during normal
operation, consists of 12 pulses with a period of 16.8 s.

" Email: wait@triumf.ca
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Fig. 1 shows a schematic of the prototype LHC injection
kicker system. The 5Q PFN consists of two lumped
element delay lines, each of 10 Q impedance, connected
in parallel. There are two thyratron switches connected to
the PFN, referred to as a main switch (MS) and a dump
switch (DS). Each 10 Q PFN consists of 23 seven-turn
cells, a five-turn cell at the DS end, and a nine-turn cell at
the MS end. A cell consists of a series inductor, a
damping resistor connected in parallel, and a capacitor
connected to ground. Each capacitor is mounted in a
coaxial housing to minimise parasitic inductance. The
prototype PFN capacitors are selected in pairs from a
batch of capacitors with 5% tolerance to provide an
effective tolerance of +0.5% for each pair [2]. Each
capacitor per pair is mounted in the same corresponding
cell of the parallel lumped element delay lines. The
capacitance values are graded linearly from the MS to the
DS with a gradient of +0.09% per cell [7]. Two, 3.85m
long, 175 turn coils are mounted on rigid fibreglass coil
formers: The total inductance variation per pair of 7 turn
coils over the length of the coils is 3%.

DUMP s srmessesDtal it eeennianats . MAIN

SWITCH | 10 PFN | SWITCH
-] g _sa )
© [ onern | ™M)
............................... : T
KICKER
|

sQ

TEAMINATOR

P

DUMP 1
RESISTOR

P

Figure 1: Prototype LHC injection kicker system.

Fig. 1. of reference [6] shows a simplified schematic of
the prototype RCPS. The prototype RCPS consists of a
2.6 mF storage capacitor -bank (Cgomge) charged up to
2.8 kV. A GTO [5] was used to switch the energy on the
storage capacitor bank onto the primary of a 1:23 step-up
transformer of low leakage inductance. The output of the
secondary is connected to each of two loads through a
cable, a 70 Q resistor and a diode stack. Each 5 Q PFN
can be considered as a 0.96 UF capacitor during the charge
cycle, which will later be discharged through a kicker
magnet using thyratron switches. The MS thyratron is a
CX2003[4] and the DS thyratron is a CX1171A[4]. Since
there is only one prototype PEN, the test set-up included a
dummy load (a 0.96 uF capacitor with a parallel
500 k€2 discharge resistor) connected in place of a second
PFN. Thus the RCPS was properly loaded. The DS
thyratron connects one end of the prototype PFN, via 10
parallel 50 Q coaxial cables to the 5 £ prototype dump
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resistor. The MS connects the other end of the PFN via 10
parallel 50 Q cables, to a kicker magnet (not installed for
these tests) terminated with a 5 Q MS resistor.

2 MEASUREMENTS

The prototype PFN was charged to various voltages up to
60 kV and the timing of the thyratron trigger pulses were
varied. The stability and the pulse to pulse reproducibility
of the PFN voltage, the ripple of the flattop of the pulse
and the ripple in the post pulse period were measured
with high precision. A calibration procedure was
developed to provide measurements on the ripple of a
30 kV pulse to a precision of +0.1%[12].

2.1 Stability

The overall stability of the RCPS and PFN was
determined by measuring the magnitude of the flattop
voltage on the MS terminator voltage divider (VD), on
successive pulses. A TDS744A oscilloscope[8] was used
to determine the average value of the flattop of the MS
VD voltage over a 4 pus time window, permitting 5 figures
of accuracy to be displayed on the oscilloscope. Although
the absolute value of voltage is not known to such a high
precision, the relative value is mainly of interest. The
value of the average voltage was noted for several

consecutive pulses, under a variety of conditions, such as

a cold start-up, and also after operation for several hours.
The maximum excursion of the MS VD voltage for 20
consecutive pulses, with the PFN pre-charged to 60 kV,
was +0.035%, compared with a goal of +0.2%.

2.2 Probe Calibration

A 1kV FET, precision, calibration pulse generator[9]
with a transition time of 30 ns (5% to 95%) has been
designed and built at TRIUMF. This pulse generator was
used to obtain calibration data for a freon filled P6015[8]
high voltage probe connected to a TDS744A oscilloscope.
The calibration of a 6015A (freon free) probe was found
to be sensitive to slight changes in parasitic capacitance to
ground of the surroundings. A PSpice model of the
precision pulser shows that the output waveform is flat to
within £0.1%, 100 ns after the start of the pulse. The
required compensation can not be achieved using the
available adjustments in the P6015 probe compensation

box. Thus a procedure was developed to provide a

relative precision of +0.1% for a 6015 probe as follows:

e Use a FET based pulse generator to generate a
“known” waveform. Compensate the probe and store
this reference waveform digitally. The compensation
at this stage is only approximate.

e Comparison of the reference and “known”
waveforms gives the calibration curve (for a given
waveform shape), as a function of time, for the probe
and oscilloscope amplifier (for a given gain).

The calibration depends on the oscilloscope amplifier
gain and on the waveform shape. Thus the calibration
pulse must have approximately the same duration, rise
time and fall time as the pulse to be measured, and the
oscilloscope settings must be the same for the calibration
data collection as for the PEN pulse data collection [12].
The 30 kV MS terminator pulse was measured across one
of ten series resistor disks that make up the MS
terminating resistor. Thus the P6015 probe was used to
measure a 3 kV pulse, and was calibrated with a 600V
pulse with the same amplifier gain settings on the
TDS744A oscilloscope.

2.3 Flat-top

Fig. 2 shows a measured 29 kV pulse, after compensation
for the 6015 probe and the oscilloscope amplifier, with the
DS not turned on. The waveform has been corrected to
account for the calibration. The top of the measured
voltage pulse is flat to within +£0.3% 600 ns after the end
of a rise time of approximately 60 ns, without any
adjustments of the PFN.
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Figure 2: Measured and predicted flattop portion of PFN
voltage pulse each normalised to 100%.

Measurements on a 7 turn section of the PFN coil
showed that the copper tube from which the coil is made
was no longer round. The outside diameter of the tube on
the length of the helix was between 0.2 mm and 0.3 mm
larger than the nominal 8 mm. Since the coil former has
grooves to fit the 8 mm circular cross section of copper
tubing, the coil diameter is slightly too large. Detailed
measurements of the outside diameter of the PFN coils at
each cell, showed that the average mean coil diameter is
1.4% greater than the designed mean diameter, giving rise
to an average increase in inductance of 2.8%. The average
diameter of the cells near the centre of the PFN is 1.5%
and 0.8% greater than at the MS and DS ends,
respectively. The prediction in Fig.2 is a PSpice
calculation with measured coil diameters used to scale the
PEN cell inductance. A PSpice prediction for an ideal PFN

-coil (constant diameter) gives a waveform that is flat from

an elapsed time of 1.2 ps through to 8 ps. The variation in
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the coil diameter explains the small dip in the voltage
waveform at approximately 6 ps in Fig. 2.

Analysis of measurements made at low voltage, (up to
50 V) indicate that the inductance of each cell of the PFN
is approximately 4% greater than predicted for an ideal
(constant radius) coil. Thus there is still an unexplained
anomaly of 1.2% error in the total PFN inductance. The
relative difference between the predicted flattop ripple and
the actual measured waveform is 30.2%, from 1400 ns
after the start of the flattop of the pulse.

The field strength was calculated from a measured
27.5kV pulse with a 5.5 ps flattop, fed to the model of
the kicker magnet with a 690ns delay length. The
resultant predicted kick rise time from 0.2% to 99.8%, is
834 ns and the fall time is 2.94 ps, for a field pulse with a
flattop of 4.69 ps and a ripple of less than 0.2%.

2.4 Post Pulse

It was thought that the 3 stage thyratrons would block
reverse voltages up to a few kV and would conduct at
higher reverse voltages[10]. In order to confirm that small
reverse voltages are blocked, the post pulse period of a
waveform was measured at the MS terminator for two
different values of DS terminating resistor. The results are
shown in Figure 3 for a 27.5 kV pulse.

5
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3

DS termi ;5. hi
. I\k— erminator: 5.17 Ohms

Voltage (%)

H0.1%

-0.1%
-1 / DS terminator: 4.68 Ohms

10 12 14 16 18 20 22 24 26 28 30

Time (microseconds)

Figure 3. Post pulse voltage for a positive and a negative
reflected pulse from the DS terminator.

Assuming that the PFN impedance is exactly 5Q at the
DS end, then with a DS resistor of 5.17 Q, the reflection
coefficient is +1.7% and there is a small positive pulse
reflected back to the MS terminator which shows up in as
a positive distortion during the post pulse period (Fig. 3).
However with a DS resistor of 4.68 Q, the reflection
coefficient is —3.3% and there is a negative pulse reflected
back which would show up as a negative pulse, with a
magnitude of approximately —3.3%. However there is only
a small and short negative pulse (Fig. 3), which confirms
that the MS thyratron (CX2003) blocked a reverse voltage
of 6.6% (ie:1.8 kV due to pulse doubling). This means that
the precision of the DS terminator does not have to be
very high (e.g. 5 Q+0%—6%). The small negative pulse
(Fig. 3) is thought to be due to the cleanup current from

the MS thyratron. There is also a probe calibration error,
since the calibration pulser fall time is 30 ns and the fall
time of the measured pulse is approximately 1 ps. A new
calibration pulser has been designed to permit calibration
with pulses of representative fall time {11].

3 CONCLUSION

The top of the 29 kV pulse is flat within +0.3% after
600 ns from the start of the flattop of the pulse. The post-
pulse period is flat to within +0.1% after a period of
approximately 600 ns from the bottom of the falling edge
of the pulse, providing the resistance of the DS terminator
is slightly less than 5 €. The PSpice calculations of the
system are accurate to the 0.2% level and thus the
theoretical model can be applied with confidence to
evaluate future PFNs and RCPSs. A kicker magnet is
being fabricated, and measurements will be carried out to
confirm that the field pulse can meet the stringent
requirements. The prototype PFN and RCPS have met the
design specifications so TRIUMF can now proceed to
fabricate 9 PFNs and 5 RCPSs for installation into the
LHC.
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DESIGN OPTIMIZATION AND CONSTRUCTION OF THE THYRATRON/PFN BASED
COST MODEL MODULATOR FOR THE NLC#*

Roland Koontz rfkap @slac.stanford.edu, Saul Gold, Anatoly Krasnykh, John Eichner,
Bin #33 SLAC P. O. Box 4349, Stanford, CA 94309

Abstract

As design studies and various R&D efforts continue on
Next Linear Collider (NLC) systems, much R&D work is
being done on X-Band klystron development, and
development of pulse modulators to drive these X-Band
klystrons. A workshop on this subject was held at SLAC
in June of 1998, and a follow-up workshop is scheduled at
SLAC June 23-25, 1999. At the 1998 workshop, several
avenues of R&D were proposed using solid state
switching, induction LINAC principles, high voltage hard
tubes, and a few more esoteric ideas. An optimised
version of the conventional thyratron-PFN-pulse
transformer modulator for which there is extensive
operating experience is also a strong candidate for use in
the NLC. Such a modulator is currently under
construction for base line demonstration purposes. The
performance of this “Cost Model” modulator will be
compared to other developing technologies. Important
parameters including initial capital cost, operating
maintenance cost, reliability, maintainability, power
efficiency, in addition to the usual operating parameters of
pulse flatness, timing and pulse height jitter, etc. will be
considered in the choice of a modulator design for the
NLC. This paper updates the progress on this “Cost
Model” modulator design and construction.

1 INTRODUCTION

The history of conventional modulator development for
the NLC is covered in previous papers enumerated in the
references. A brief description of the NLC concept is
repeated here for reader’s benefit. The NLC is a 1TEV,
electron-positron linear collider, wherein two 500GEV
linear accelerators are aimed at each other. Each LINAC
is 10 km long, and operates at X-band, (11.424 GHz).
Each LINAC employs over 3,000 75 MW Klystrons, two
klystrons per modulator. LINACS are divided into
Sectors, each Sector containing 72 klystrons and 36
modulators in the Base Line configuration. An 8-pack
induction modulator concept described in the Cassel
paper in this conference could reduce the modulator count
per sector to 9, each modulator powering 8 klystrons.
This is new technology, however, so at the present time,
both conventional modulator and induction modulator
developments are moving ahead in the NLC R&D.
Efficiency, reliability and performance are major
elements in the design requirements. SLAC's cost model
modulator is based upon conventional technology and
components that exist today, with the idea of optimising
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the components to meet the design criteria [2]. In the last
year, various pulse discharge capacitors have been
evaluated. These results indicate that at present, a
conventional polypropylene design with attention to
reducing series inductance is the best compromise where
power transfer efficiency and reliability are prime
considerations. Some work has been done by thyratron
manufacturers to develop an appropriate thyratron having
a 50,000-hour MTBF (mean time between failure). There
is an effort to develop or co-ordinate development of a
high voltage charging power supply with 95+% efficiency.
A solid state on-off switch is being considered as a
replacement for the thyratron-PFN in a conventional
modulator design. For a conventional modulator, a
proposed physical size and layout has been developed
which is being used in other areas of the NLC design
efforts that interact with modulators.

Table 1 delineates the latest requirements for the
klystron-modulator assembly. It is expected that these
parameters can be achieved using current component
technology.

Table 1 Baseline Modulator Requirements

Parameter Value
Peak Klystron Voltage 500 kV
Total Peak Current 530 A
Pulse Width(usable FT) 1.5us
Pulse Top Flatness 2%
Pulse Top Ripple 2%
Pulse-pulse Ripple 0.25%
Pulse-pulse Jitter 10ns
P.R.F. 120 Hz
Charging Voltage 80kV max.
Charging Supply Power. 75 kW
Charging Supply Efficiency. 90%
Overall Efficiency 61.5%
Reliability (MTBF) 8,100hr

2 ENERGY STORAGE CAPACITORS
Pulse shape can be very dependent on the type of energy
storage capacitor used. A fast rate of rise of current can
be limited by the internal inductance of the capacitor
itself, especially during a high current discharge. R.
Cassel and Saul Gold have tested film and ceramic
capacitors for their internal inductance and found
inductance of greater than 100nHy in most designs. A
Sicond solid dielectric capacitor from Russia [2] was
tested and found to have less than 30nHy of internal
inductance, but at the expense of increased losses. After
all of this testing, a standard polypropylene capacitor with
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special attention to end connections to minimise series
inductance has been chosen for the “Cost Model”
development.

3 THYRATRON SWITCHES

There is a long history of thyratron operation at SLAC.
Presently, high power thyratrons have an average lifetime
in excess of 15,000 hours [4]. A lifetime of 50,000 hours
is desired for the NLC. Discussions with EEV, Litton and
Triton, the three main thyratron manufacturers, have
indicated that life increases with decreasing peak and

average current. The 80kV charging voltage of the “Cost -

Model” modulator dictates a peak thyratron current at
about 7500 amperes and an average current below .2
amperes. Three gap thyratrons are currently being
developed by all three manufacturers to meet these
requirements. The “Cost Model” modulator design will
accept any of these three new thyratron models. In the
next two years, samples of these thyratrons will be
operated continuously in the SLAC LINAC and Klystron
Test Lab to establish basic lifetime and reliability profiles.

4 PULSE TRANSFORMERS

Pulse transformer design, for the most part, is a mature
technology, which can produce high reliability, relatively
low loss voltage step-up to klystron cathode pulse
potential. For most prior applications, energy transfer
efficiency, and pulse rise time were not primary
requirements of the transformer design. In the case of the
NLC, these two parameters are of significant interest as
they affect the operating cost of the two LINACs. Both
Stangenes Industries and North Star Research have
supplied SLAC with prototype NLC transformers. The
testing results of these two units are given in [5]. Out of
this initial testing, a new transformer design is emerging
which will be used in the first version of the “Cost Model”
modulator.

S PHYSICAL TANK LAYOUT

The physical layout of the modulator is of critical
importance to performance, reliability and maintainability
and manufacturability. The sheer numbers of modulators
required demands a layout, which affords ease of
manufacturing and cost minimisation. We have built a
full-scale partial mock-up of the modulator tank to help in
this design effort, and have further modified it as the
design was optimised. A photo of this mock-up is shown
in the adjacent column.

The cross-section view of the modulator tank is shown
in Fig 3. All components that are part of the pulse power
delivery system are housed in a single tank, which also
mounts the two X band klystrons. The two klystrons and
modulator tank assembly forms a single maintenance unit
that will be removed to a repair facility when any of the
modulator components, or the klystrons fail.  This
removes the need to handle oil in the Klystron Alcoves.

Fig.2 Modulator Tank Physical Mock-up

One exception to this procedure may be the replacement
of the thyratron if that unit requires more frequent
replacement. The tank design is such that the thyratron
can be plugged and unplugged through the oil expansion
column on the top of the tank without removal of the oil.

A key to designing a fast rise time, electrically quiet
modulator is to take into account, and minimise, all
interconnecting impedances and stray capacitance that do
not show up on the schematic diagram. The component
layout in this tank design is based on minimising these
loss-producing elements. Each high current path is
mapped separately and isolated to its intended circuit via
very low impedance connections, and ferrite isolated
supports. Circuit elements that move up and down in
voltage with the pulsing are designed to have minimum
capacity to the grounded walls of the tank. Voltage hold-
off margins are adequate for 500 kV pulses, but excessive
size and spacing which leads to inductive or capacitive
losses are minimised.

Most of the components needed to build the first version
of the “Cost Model” modulator are on hand. A detailed
design of the tank assembly was completed and given to
tank fabricators for costing. The resulting cost for a
prototype unit was much higher than expected, so at this
time, the design is being modified to reduce the
fabrication cost. It is expected that an order for a reduced
scope modulator tank will be placed in the next two
months, and a “Cost Model” modulator will be in
operation by the end of this fiscal year.
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Figure 3: Cross-section views of modulator components in tank

*Work supported by Department of Energy contract
DE-AC03-76SF00515.
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TRIGGER CONTROL AND FAULT REACTION CIRCUITRY FOR THE
SOLID-STATE SWITCH MODULATOR DECK AT THE MIT-BATES
S-BAND TRANSMITTER

R. Campbell, A. Hawkins, W. North (Consultant), L. Solheim, C..Wolcott#,
A. Zolfaghari, MIT Bates

Abstract

This paper describes the trigger control and fault reaction
circuitry for the new solid-state switch modulator at the
MIT Bates Linear Accelerator Center. This new circuitry
has been designed and built to control the new cathode-
switching solid-state modulator that replaces the old
vacuum-tube technology modulator. The old modulator
used a start signal to commence its pulses and a separate
stop signal to end its pulses. The new system uses a single
gate signal to control the modulator pulse.

The trigger control circuit is a stand-alone control
unit that can operate in a local (manual) mode or a remote
mode. In the local mode the unit uses its own oscillator to
run the transmitter. In the remote mode the accelerator-
control computer can turn triggers on or off (enable the
triggers), can reset the unit, and can send the gate signal that
triggers the modulator. There is no microprocessor fault
control of the transmitter. The trigger control chassis
receives all necessary signals from the transmitter and
performs all necessary trigger control and fault reaction
functions by itself. These fault reactions can be to turn off
the solid-state switch, to fire the crowbar, or simply to light
LEDs. The main accelerator-control microprocessor
receives report signals from the trigger control unit to alert
the accelerator operators to the status of the transmitter.

The trigger control circuitry limits the modulator
pulse width to 5 microseconds longer than the gate signal up
to a maximum of 55 microseconds and limits the pulse
repetition frequency to under 2 kHz. All the circuitry is
designed with noise suppression techniques and with a high
level of noise immunity (5 volts or more) to ensure fault-
free operation in a noisy, transient-filled environment.

1 INTRODUCTION

The MIT-Bates Linear Accelerator is powered by six RF
transmitter stations that each contain two RF amplifying
Klystrons. The old modulator design, which pulses high-
voltage across the klystrons, uses vacuum-tube technology
that is prone to failures and is difficult to maintain. This
design consists of a center-deck and two outboard switch-
tube decks that each hold two parallel-connected L-5097
Beam Switch Tubes (BSTs) that are in series with each
klystron and the High-Voltage Power Supply (HVPS)

* Email: CWOLCOTT@MIT.EDU

0-7803-5573-3/99/$10.00@1999 IEEE.

output. The center deck contains the power supplies and
various vacuum-tube power-circuitry that sends high-
voltage pulses to the BSTs modulating anodes. These
pulses “turn on” the BSTs to the desired current-regulation
level and allow a current pulse to be sent through each
klystron. The klystron current pulses are initiated by a Start
trigger signal and cut off by a Stop trigger signal. The new
modulator system creates two separate modulators, one for
each klystron, using the existing switch-tube decks and
BSTs. The center deck is eliminated. At the heart of the
new design is a 20kV, 100Amp solid-state switch (built by
Diversified Technology, Inc. in Bedford, MA) which is
connected to the parallel BSTs in a cathode switching
configuration. A 0-20kV DC power supply is connected
between the negative high voltage of the HVPS and the
modulating anodes of the BSTs to set them for the desired
current pulse amplitude. A fiber-optic gate signal is used to
close the switch. When light is transmitted, the switch closes
until the light is removed. With the closing of the switch,
the cathodes of the BSTs are taken to the negative high-
voltage (-180kV) of the transmitter and the klystrons are
pulsed. When the switch opens, the BSTs stop conducting,
thereby blocking the current through the klystrons.

Because of the basic differences between the two
systems, and due to new fault monitoring devices, a new
approach was needed to trigger the new modulator.
Therefore, a new trigger control chassis was designed and a
prototype built. The control circuitry was designed at Bates
and ModPower, Inc. in Taunton, MA designed the power
supply and built the complete prototype system. The
system contains its own power supply, power monitoring,
remote and local trigger control, trigger filtering, modulator
fault detection and latches, crowbar control, and fail-safe
safety features. The circuitry is designed with noise
suppression techniques with a high level of noise immunity
(5 volts or more) to ensure fault-free operation in a noisy,
transient-filled environment.

2 POWER SUPPLY

The main power to the chassis is 120 VAC. The AC input
is first fused then bypassed from line to neutral by back to
back zener diodes and a 1puF capacitor (cap). The AC is
then filtered with a line filter. The filter output is bypassed
from line to neutral by a 1uF cap, back to back zener diodes
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and a 100k resistor. The line filter output from line to
ground is bypassed by a 4.7nF cap as is the output from
neutral to ground. A power switch switches the AC on to
the power supply. The power supply outputs are +5VDC,
+7.5VDC, +10VDC, +12VDC, +15VDC, and +20VDC.
These voltages are used to power Integrated Chips (ICs),
pulse fiber-optic transmitters, and as reference voltages for
Comparators (LM339s). Comparators were used because
of their high noise immunity features. Each DC voltage is
produced from a separate fused transformer whose output is
full-wave rectified and then filtered. An adjustable
regulator with an adjustable reference set by a 12-turn
potentiometer (pot) sets the voltages precisely. Every IC
power supply input travels through a ferrite bead and is
bypassed by a 0.1pF and 10puF cap. The power supply is
self-monitoring and if any DC voltage fails, the crowbar is
fired and the modulators are latched off, stopping all
transmitter operation. If this occurs a red LED is lit to show
which voltage has failed. As with any fault the trigger
control needs to be reset (either locally or by remote) to
resume operation. As long as the power supply is
functioning properly a green LED is lit to indicate a good
power supply.

3 TRIGGER CONTROL

The primary function of the trigger control chassis is to
gate the modulator on and off in a controlled fashion. This
can be done by two sources: a remote gate signal or a gate
signal from the local oscillator. A front panel break-before-
make switch labeled Remote/Local selects the trigger
source. If the remote source is selected (a computer
generated signal transmitted from the control room via fiber
optic cable) the control room’s gate signal will run the
modulator. The remote trigger is input to the circuitry
through a pulse transformer to ensure galvanic isolation.
The gate signal then undergoes two filtering processes. The
first filter blocks any pulse that is longer than 55ps. If any
remote gate signal longer than 55us is sent it is cut off at
55ps, the modulator is latched off, and an LED is lit to show
that a remote width fault has occurred. The second filter is
a pulse repetition frequency (PRF) filter. It blocks any
frequencies higher that 2kHz. If any pulse is detected
within 500ps of another (2kHz), the pulse is blocked, the
modulator is latched off, and a red LED is lit to indicate a
remote PREF fault. If a gate signal gets past these filters it
passes through the Remote/Local switch and then to the
Enable Triggers circuit. The transmitter system has many
interlocks that must be satisfied before the main high-
voltage can be turned on. If all these interlocks are
satisfied, and high voltage is turned on, a 24 VDC signal is
sent to the trigger control chassis. If this signal is not
present the triggers cannot be enabled and the gate signal
cannot get past the enable circuit. If the 24VDC signal is
present, a green LED labeled “Ready for Triggers” is lit.
Only then can the triggers be enabled, either remotely or by
a local pushbutton. When the triggers have been enabled

the gate can pass through the enable circuit to gate a
transistor. This transistor switches 15 VDC to a pair of
parallel-connected fiber-optic transmitter circuits (one for
each modulator). In each path are five fiber optic
transmitters (one for each module of the solid-state switch),
a resistor, and a switch that allows for the manual shut-off of
either modulator so that one klystron can be pulsed while
the other is not used. When the gate signal switches the
transistor on, current flows through the fiber optic
transmitter LEDs. The lights are transmitted via fiber optic
cables to the solid state switch. The switch closes and
pulses current through the kiystron. At the bottom of each
fiber-optic transmitter string is a viewing resistor that
develops a voltage whenever current is flowing through the
fiber-optic transmitters. A front panel BNC bulkhead is
connected across each resistor to allow monitoring of the
trigger signals. This signal is also connected to a panel-
mounted meter that displays the PRF of the modulators, and
is also sent to the switch-status fault detection circuit
discussed below.

If the local oscillator is selected to gate the
modulator, the signal is taken from an oscillator circuit
inside the chassis. This circuit supplies a gate that is
variable from 3-55ps long with a PRF variable from
0-2kHz. These parameters are controlled by panel mounted
potentiometers.

4 FAULT DETECTION

The trigger control chassis must monitor many modulator
signals to protect the modulator and klystrons from system
faults. Besides the remote width, remote PRF, and power
supply faults already discussed the system monitors each
modulator’s BST difference current, each klystron’s body
current and collector current, and the total ground current of
the entire transmitter. These signals are sent from current
monitor transformers via coaxial cables that pass through
pulse baluns to attenuate any shield noise. The circuitry
also monitors the status of each module in both solid-state
switches to verify its operation.

As stated, each modulator deck contains two
parallel-connected BSTs. If one of the BSTs arcs there will
be a huge difference between the current in the arcing tube
and the current in the non-arcing tube. This difference
current is monitored, and if a large enough difference is
detected the system crowbar is fired and the triggers are
disabled. The collector current of each klystron is
compared to a width window that is the original gate signal
plus Sps. If any collector current in either klystron is
detected outside this window, indicating a wide pulse or
spontaneous current, the crowbar is fired and the triggers
are latched off. The body current of each klystron is
monitored and if either exceeds 10 Amps the triggers are
latched off. In this way, if a klystron arcs, but the BSTs do
not, the klystron arc can be extinguished by simply shutting
off the solid-state switch. The body current signal will be a
very useful new tool. The total ground current fault is more
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complicated. Because it is desirable not to fire the crowbar
in the event of a klystron arc, the ground current fault
detection circuit must be slowed down slightly. A klystron
arcs to ground and this shows up as both klystron body
current and ground current. Therefore, if the ground current
detection circuit is allowed to fire the crowbar instantly, the
switch will not have time to extinguish the arc. So a delay
of 10pus was introduced into the ground current detection
circuit. However, if the detected ground current is still
present after the 10ps delay, indicating a problem other than
a klystron arc, the crowbar is fired. All of these fault
detection circuits have their own latches and LEDs that will
indicate what fault occurred. Each circuit latches a set of
relay contacts which alerts the control room computer to the
fault condition. Each one of these signals can be monitored
by an oscilloscope from front panel BNC connections.

Another set of signals that is monitored is the
switch status signals from the solid-state switch. The switch
contains 5 switch modules connected in series. Each
module sends back a fiber-optic signal indicating if it is
open or closed. Every switch status signal is compared to
each gate signal to check for proper operation. If a fault
occurs, an LED is lit to indicate which module is bad and an
overall switch fault signal is sent to the control room by a
relay contact.

5 CROWBAR CONTROL

The crowbar control chassis receives a signal from the
trigger control chassis and then sends a high-voltage pulse
(15kV) to a large step-up pulse transformer which fires the
system crowbar and dumps the high-voltage of the
transmitter. Because the old crowbar control chassis will be
replaced eventually, two crowbar firing circuits were built
into the trigger control chassis; one for the old crowbar
chassis and one for the new. The circuit for the old crowbar
chassis sends a 15VDC pulse. Because the old system
requires a pulse it was not possible to make it fail-safe. The
new system, however, will be fail safe. A current sinking
field-effect transistor (FET) will hold a voltage generated in
the new crowbar chassis down through an interconnecting
cable. If the cable is removed, if the trigger control chassis
is shut off, or if the FET drive fails the crowbar will fire
rendering the system safe for equipment and personnel. In
the event of a fault requiring a crowbar the FET is turned
off and the crowbar will fire. A Crowbar Test button is
mounted on the front panel that sends a high signal to all the
fault detection circuits and not only fires the crowbar but
tests all the latches as well.

6 FAIL-SAFE FEATURES

The trigger control circuitry was designed to be as fail safe
as possible. When the unit is turned on or off; all the faults
are set to ensure that no spurious signals occur. All the
current transformers inside the transmitter actually sink

voltage because of their low impedance. If either end of
any coaxial cable that carries fault signals is disconnected,
the trigger control will act as if that fault occurred; either by
firing the crowbar or shutting of the triggers. Also, every
comparator, transistor, latch, or logic gate in any fault
circuit sinks current or voltage in its “good” condition. If
any IC is removed, loses power, or if any connection is
misaligned or broken, the circuit will act as though that fault
had occurred.

7 CONCLUSION

Because the old modulator has become obsolete and
unreliable and has proven to be too difficult to maintain, we
have the chance to greatly improve the entire transmitter.
Simplicity, safety, and reliability have driven the new
modulator and trigger control system design. An entirely
new strategy for running the transmitter will be
implemented. The control circuitry is noise free, robust,
and fail-safe. It uses old and new modulator signals that
will allow for better fault control strategies, better
monitoring and easier troubleshooting. It has been designed
to interface with a central computer but does not depend on
a microprocessor or software for equipment and personnel
safety. The combination of a new modulator system with
the new trigger control circuitry will replace obsolete and
failing technology and significantly improve the reliability
and performance of the accelerator and the RF transmitters.
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PRODUCTION OF HALO PARTICLES BY COLLECTIVE MODE
'EXCITATIONS IN HIGH INTENSITY CHARGED PARTICLE BEAMS

Sean Strasburg and Ronald C. Davidson, Princeton Plasma Physics Laboratory

Abstract

This paper examines the effects of self-consistent collec-
tive oscillations excited in a high-intensity ion beam on the
motion of a test particle in the beam core. Even under
ideal conditions, assuming a constant transverse focusing
force (smooth focusing approximation), and perturbations
about a uniform-density, constant-radius beam, it is found
that collective mode excitations, in combination with the
applied focusing force and the equilibrium self fields, can
eject particles from the beam core to large radii.

1 INTRODUCTION

It is increasingly important to develop improved theoret-
ical models of halo production and control for charged-
particle beam propagation in high-intensity accelerators
and transport systems{1], with applications to spallation
neutron sources, heavy ion fusion, nuclear waste treatment,
and tritium production. While halo formation mechanisms,
such as beam mismatch and nonlinearities associated with
nonuniform space-charge forces have been explored both
analytically and numerically[2, 3], a fundamental under-
standing of halo production is incomplete. In this paper,
we consider a new mechanism for the production of halo
particles. Namely, we consider, for the first time, the ef-
fects of self-consistent collective oscillations excited in a
high-intensity ion beam on the motion of a test particle
in the beam core. Even under ideal conditions, assuming
a constant transverse focusing force (smooth focusing ap-
proximation), and perturbations about a uniform-density,
constant-radius beam, it is found that collective mode ex-
citations, in combination with the applied focusing force
and the equilibrium self fields, can eject particles from the
beam core to large radii.

2 THEORETICAL MODEL AND
ASSUMPTIONS

We consider an intense nonneutral ion beam with char-
acteristic beam radius R and axial momentum ~y,mfc
propagating in the z-direction with average axial veloc-
ity Vo, = fByc = onst .. The applied transverse focus-
ing force in the smooth focusing approximation is modeled
by Fg (x) = —yemw}(z”e + y”g). The effects of self-
electric and self-magnetic fields on the particle dynamics
are retained in a self-consistent manner, consistent with the
paraxial approximation, and the assumption that Budker’s
parameter satisifes vgp = Nj(Ze)?/mc? & v,. Here, N,
is the number of beam ions per unit axial length, related
to the number density of beam ions ny(zys ) by Np =
Jdodp 4, where s = Byct. The wavenumber equivalent

0-7803-5573-3/99/$10.00@1999 IEEE.

‘ber w (dimensional units) is given by w? = & 2.

to the transverse focusing frequency, the transverse focus-
ing coefficient k, is defined by \/k = wy/Byc, which has
units of inverse length. We further assume axisymmetric
unbunched beam propagation (8/90 = 0 = 0/0z), and
introduce the normalized dimensionless self-field potential
o defined by ¥(r, s) = Ze §(r, s)/vEmpEc. :

We assume a kinetic or warm-fluid{4] Kapchinksij-
Vladimirskij (KV) beam equilibrium, and for this case the
equilibrium density profile n)(r, s) has the uniform value
N,/nR? in the beam interior and is equal to zero outside
the beam, defined by r > R(s), where R(s) is the solution
to the envelope equation[2]. We further assume a matched,
constant-radius beam equilibrium with R(s) = Ry, a
constant, given by (k — K/R2)Ry = €¢2/R}. Here ¢ is
the unnormalized transverse emittance, and K is the self-
field perveance defined by K = 2Ny(Ze)?/v3m(Byc)?.
The “depressed” oscillation wavenumber 7 (dimensionless
units) is defined in terms of the transverse focusing coeffi-
cient x, perveance K, and equilibrium beam radius Rp, by
9% = 1 — K/kR3. The “depressed” oscillation wavenum-

2

A key focus of the present analysis is to investigate the
motion of a test ion in the combined force of the applied
focusing field Fg, , the equilibrium self fields, and the per-
turbed self fields associated with self-consistent collective
oscillations excited in the beam. We express the fotal self-
field potential as ¥(7,5 ) = o(F) + 69(7,s ), where ¢o(7)
is produced by the step-function equilibrium density pro-
file and # = r/Rp is the normalized radial coordinate.
For the perturbed potential §1(7,s }, we make use of the
warm-fluid model developed by Lund and Davidson[4].
This model, simplified by the assumptions of cylindrical
symmetry, predicts an infinite class of collective modes
81y, vanishing outside the beam core, with purely radial
dependence, and stably oscillating with eigenfrequency
wy. The radial eigenfunction d4,(7) in the beam inte-
rior (0 < 7 < 1) is defined in terms of the Legendre
polynomials (of the first kind), P,_1(z) and P,(z), by
6Yn(F) = 1An[Paci(1-27%) 4+ P(1 - 27%)], where
{A,} are constant amplitudes. The normal-mode oscilla-
tion wavenumbers {w,} are defined in Ref. [4] by w2 =
K[2H2™ v?(2n? - 1)].

It is readily shown that the equation of motion in the
applied and equilibrium self fields, together with the oscil-
lating collective modes, is given by

25 P2
dr+(n+ 2 6¢)__P9

&2 Bor) =@ o

where 132 is the (normalized) canonical angular momen-
tum, R2P, = =y’ — yz’, which is a constant of the motion.
Here ¥(7,5 ) = ¢o(F)+09(7,s ), where the eigenfunctions

1518




Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

are the Legendre polynomials defined above and the eigen-
frequencies are {w,}. Equation (1) is a valid description
of the test ion motion, both inside the beam (7 < 1) and
outside the beam (¥ > 1). '

For test-particle motion inside the beam, we obtain[6] -
&  , P! K f:

Sy S R
7 R2
n

) A8, (F) coswys.  (2)

=1
On the other hand, for particle motion outside the beam,
Eq. (1) reduces to the nonlinear autonomous equation
427 K\. B2 -

For case of vanishing angular momentum (meridional par-
ticles), setting Py = 0 in Eqs. (2) and (3) and replacing 7
with Z = z/ Ry yields the appropriate equations.

Equations (2) and (3), supplemented by the associated
definitions of §v,,, {w, }, efc., constitute the final forms of

the test-particle orbit equations to be investigated analyti-
cally and numerically in Secs. 3 and 4.

3 THEORY OF THE DYNAMICAL
SYSTEMS

In this section we examine several features of the test ion
motion analytically, using numerical solutions as verifica-
tion.

3.1 Resonant Behaviour

Meridional Test Ions We begin by considering merid-
ional particles with P, = 0 in a beam supporting a sin-
gle collective mode with eigennumber n. The functional
relationship between the n*? mode frequency w, and the
depressed transverse oscillation frequency w makes fun-
damental and principal resonances “inaccessible” for all
mode numbers n. The Hamiltonian expansions predict res-
onances for the n*" mode at w,/w = +2m for integers
m < n. Using {w,}, we can easily obtain an expression
for w? /w? = g%. The minimum of g,, occurs at #? = 1
at which g, = 2n, the uppermost resonance. However, as
this resonance is approached, the coefficient which multi-
plies the mode amplitude, K/R2 = x(1 — ©?), approaches
Zero.

Equation (2) for meridional particles inside a beam sup-
porting an n = 1 mode is a Mathieu equation, the same as
that generated by an envelope oscillation R(s) = Ro(1 +
30c coswes) in the limit of small 4., taking 6, = J1 and
we = w;. However, it is important to distinguish what
constitutes inside the beam for the two cases. The fluid
modes are derived for perturbations about a constant ra-
dius beam, so inside the beam corresponds to |Z] < 1,
or || < Rg. The mismatch ripple, however, requires
lz] < R(s) = Ro(l + 36 cosw,s). Since R(s) is the
projection of an energy level, particles initially inside the
energy shell of the beam will remain confined in the inte-
rior of a mismatched beam for all time, whereas the beam

edgé Ry of a beam with an n =1 mode is not a node of the
perturbed potential, and so particles may escape.

Test Ions With Nonzero Angular Momentum As a
simple example for particles with nonzero angular momen-
tum P, # 0, we consider perturbations around an interior
circular orbit with constant radius 7, = r./Rp, requiring

- that P? = ##w?. The frequency of small radial oscillations
~ about the équilibrium orbit is found to be w, = 2w, inde-

pendent of the equilibrium radius 7. If these orbit oscil-
lations resonate with the collective mode, the particle will
experience a significant energy change..

The linearization for small radial oscillations has funda-
mental and principal resonances when the ratio w; /w, =
1,2m for integers m < n. For n = 1, the fundamental
resonance is at 72 = 1, and the Mathieu (or principal) res-
onance is at #2 = 1. Both have important effects on the
dynamics of a single particle.

3.2 Non-Resonant Behaviour

It is also possible for a test particle to nonresonantly gain
enough energy in the beam interior to escape the beam, dis-
rupting the process of giving the energy back. All particles
with sufficient energy in the unperturbed case to attain a
radius greater than Za < 1 will be ejected by the collec-
tive modes into the highly nonlinear region exterior to the
beam at some point of their trajectory. This minimum ex-
pelled radius Z4 is a strong function of the mode ampli-
tude strength T", defined as the rms field energy in the nt®
mode divided by the rms electrostatic energy in the beam
core. The function Za may be calculated for low n by
transforming the perturbation in the Hamiltonian to higher-
order[5], yielding a new energy-like invariant, the new ac-
tion J , whose maximum is directly related to the maximum
excursion of the perturbed particle trajectory. For n =2, the
unperturbed maximal radius which will just reach the beam
edge due to the collective mode is given by[6]

—(1+eca) £ [(1 +eco)? + 2ec1w]1/2
ewey )

C)

The values ¢; and ¢, depend only on the depressed trans-
verse frequency and the ratio o = ws/w, which in turn de-
pend only on 7, and are given by ¢; = ¢3(21a — 2a3) and
¢z = caw(—16a +a®), where c; 1 = w3(64 —20a? + o?).
Here, we define ¢ = (K/Ry)V/T. This expression gives,
within a few percent over a wide range of parameters, the
extent of the region near the beam edge which will be
ejected from the beam at some point of the trajectory. Fig-
ure 1 shows Za as a function of normalized mode energy
I' in a range over which it is an accurate approximation.

:1'12A=

4 NUMERICAL RESULTS

The dynamics become more complicated when a trajectory
spends time both inside and outside the beam, and numer-
ical solutions of the equations are easiest under these con-
ditions.
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Figure 1: Plot of Z» versus T' (%) for 5% = 3.

Particles whose energy corresponds to a maximum un-
perturbed trajectory, which we denote Z, between Z  and
1 will be ejected from the beam at some point, with the
possibility of large energy gains. In general, ejected par-
ticles either (i) experience negligible energy gains, or (ii)
obtain a well-defined maximum excursion X; ~ 1.5. This
behaviour is a function of space-charge depression v, rms
field energy in the n*® mode relative to rms electrostatic en-
ergy in the beam core ' = £, /&, and the ejected particle’s
unperturbed maximum radius Zo.
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Figure 2: Plot of £, versus T' (%) for 2 = % with Zg =

0.99 (e) and o = 0.95 (A).

For mode energies less than a certain critical energy
I'1(7, Zo), particles go no further than a few percent of R,
outside of the beam; for energies greater than I';, particles
consistently travel as far out as Xy ~ 1.5 (see Fig. 2). The
value of I'; decreases as the beam becomes more intense,
ranging from less than 2% at #* = § t0 15% at #? = 1.
In addition, particles with Zq further from the beam edge
have slightly higher critical energies, and of course parti-

cles with 5 < Za never leave the beam. The value of

X, gradually increases with I', and depends weakly on 7.,

Since X, does not depend on Zo, this is the largest radius
any particle initially in the beam can escape to, and func-
tions as a KAM curve, giving an indication of the phase
space structure in the halo region.

Finally, for intense beams with sufficiently large ampli-
tude modes, this phase-space spanning curve can be desta-
bilized and break into islands. Above a critical energy I's,

2
1.8
— 1.6
Tmazx

14

12

25 5 75 10 125 15 17.5
T (%)
Figure 3: Plot of &a, versus T' (%) for 72 = §.

particles can explore out to X2 ~ 2 (see Fig. 3). Itis
plausible that, for extremely intense beams, larger collec-
tive mode amplitudes would make accessible even greater
regions of phase space.

5 CONCLUSIONS

We have explored the range of particles capable of being
expelled from the beam core by collective mode excita-
tions, and the maximum radii they can attain as KAM sur-
faces are successively destabilized with increasing pertur-
bation strength. These processes occur under even ideal
conditions, assuming constant transverse focusing force
and a uniform-density matched-beam equilibrium.
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SIMPLIF IED THEORY OF THE HEAD-TAIL INSTABILITY OF
COLLIDING BUNCHES

E. A. Perevedentsev, Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia

Abstract

A proposed theoretical model incorporates in an averaged
form both the conventional head-tail effect in a single
bunch (due to impedance elements in the machine), and
the linear part of the coherent beam-beam interaction, with
the account of the finite bunch length.

1 INTRODUCTION

For the strong head-tail effect in the beam-beam system we
construct here an averaged version of the space-time do-
main formalism [1, 2], aiming at clarity and solvability, at
the sacrifice of localized interaction effects. This holds in
situations when all the mode spectrum of interest lies far
off the (half)integer tunes, i.e. for machines where the syn-
chrotron tune and collective tuneshifts are much less than
fractional betatron tune.

Applied to strong-strong collisions, the new theory pre-
dicts the coherent dipole beam-beam instability of head-tail
type; estimates show that the chromaticity is effective in
control of its increments.

2 CIRCULANT EQUATIONS

The main difficulty of multi-particle models in the space-
time domain is seen already in the educational 2-particle
model in A. Chao’s text [3]: the wake acts in alternating
mode on either the 1st or the 2nd particle, resulting in time-
dependent coefficients in the equations of motion even with
the constant wake.

The model employed in [2] and here is not based on real
macroparticles which move longitudinally. It considers the
synchrotron phase circle! divided into N fixed equal boxes
with fixed longitudinal position in the bunch, see Fig. 1.
These boxes are uniformly populated with particles each
carrying its transverse dipole moment.

-0 -0,

Figure 1: Division of the synchrotron phase into boxes,
populated with particles; a) 3 divisions, CE3 formalism;
b) 2 divisions for the CE2 formalism.

A variable dipole moment d; is ascribed to each ith box,
i = 1,..., N. The synchrotron oscillation just transports

IFor the needs of this paper the hollow beam model will suffice, i.e. all
the particles are assumed to have the same amplitude of the synchrotron
oscillation.

0-7803-5573-3/99/$10.00@1999 IEEE.

the dipole moment around the circle, across the boxes, and
we follow variations of d; in each box: no need to inter-
change the boxes when evaluating their interaction.

The dipole moments obey the betatron oscillation equa-
tion in the Courant-Snyder normalization, with the cou-
pling in the RHS:

Ji + wgdi = =2wpDip dr . (D

Here wj, is the betatron frequency, the machine azimuth is
used as quasi-time, and the dynamic matrix D;; approxi-
mates the integral linear operator of collective interaction.
First of all we use the ansatz d; = a;e~**t+c.c. and stan-
dard averaging to get rid of a} in the shortened equations:

ia; = Dz ag. @

N complex amplitudes a; of oscillating dipole moments
sitting in each box, form a complete set of dynamic vari-
ables of the averaged problem. In fact, a; are sampled val-
ues of the continuous function of the synchrotron phase ¢:
a; = a(yp;, t), its total time derivative

) _0Oa  .0a _0Oa da
a(p,t) = 5t_+¢.67p— =5t +wsa(p

should be represented in our difference equations with a
correct N-point approximation of da(p,t)/0p — virak.-
For periodic functions, v is known to be a special circu-

lant matrix; we define another circulant C = —iw,y, and
finally come from (2) to new equations
ia; = (Cir + Dir ) ag . 3

In what follows we will refer to Eqgs. (3) as Circulant Equa-
tions, with the notation CE3 and CE2, for 3 and 2 boxes,
respectively. Their remarcable feature is that the circulant
matrix C responsible for the free synchrobetatron motion,
and the interaction matrix D on the RHS are additive.

The synchrobetatron mode spectrum emerging from
CE should first be checked for free oscillation. We start
with N = 3, Fig. la, and accordingly define the proper
mode numbers m as -1, 0, +1. The 3-point circulant is:

o [ 0 71 1
Cs = 1 0 -1 ). @
V3l.1 1 o

Substituting for the proper modes a;(t) = v;e~** in (3),
with D; = 0, we find the mode frequencies 2 and eigen-
vectors v from the eigensystem of Cs:

Q = 0, v{:(l, 1, 1 );

Qi1 =y, oy, = (1, 273, H47/5)(5)
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Indeed, the free oscillation mode spectrum comprises the
betatron frequency and two its synchrotron sidebands:
wp, wp + ws. Mind that all frequencies in the shortened
equations are counted from wj, €.g. those in (5). The
mode eigenvectors v give sampling of the Fourier harmon-
ics e™?, with m = +1, 0, —1 (cf. [3], Eq. (6.185)), at 3
equidistant values of yy, according to division into 3 boxes.

In many cases coupling of only two modes in all the
spectrum is important, those with the least separation in
frequencies. N = 2 boxes (Fig. 1b) then suffice to repre-
sent them. Coupling of these two modes to the other ones is
neglected. Thus we come to the extremely simple circulant

equation CE2, where free motion of the only two modes in

question is given by (3) with D = 0, and the 2 x 2 circulant:
w -1 1
2 ( 1 -1 ) : ©)

+1).

C =

Its eigensystem reads:

. T _
,-1=0,-ws; vp_1=(1,

The mode spectrum here consists of the betatron frequency
wp and only one sideband wy, —w; with exceptionally simple
mode structure. It is convenient to take w,; = 1 hereafter,
i.e. to measure all the frequencies in the units of w;.

3 BEAM-BEAM MODES

Now our task is to study the linear coherent dipole beam-
beam oscillations of longitudinally non-rigid bunches with
finite length and incoherent synchrotron motion. We have
to perform the same division into boxes in the both collid-
ing bunches, like in Fig. 1, thus the set of variables a; in
(2) is duplicated. All the matrices of the previous section
have to be replaced accordingly, i.e.:

1 0
C-—>(0 1)®C’,

since they are relevant to each of the two bunches.
The beam-beam matrix B (written for 2 boxes in each
bunch) represents the linearized beam-beam force:

-2 0 1 1
bl 0 -2 1 1
2 1 1 -2 0

1 1 0 -2

We consider here equal currents I in each bunch, b is the
beam-beam tune slope in units of the synchrotron tune,
bI = £/Q, & is the conventional beam-beam parameter.

Four proper modes, doubly degenerate, are given by the '

eigensystem of C + B:
0m) Qon 2b1 vg;r =(1, 1,-1,-1),
00) Qoo = O v(,, a1, 1, 1),
-10) O3, = bI-1 o7, =(1,- -1),
—17) Q_1, bI—1 o7, =q(, —1, -1, 1).

In the basis of these beam-beam modes all the matrices.
of Section 4 are blockwise diagonal: the interaction pre- .
serves orthogonality of the o-modes subset to the subset of
m modes. Thus-the characteristic equation of our 4-mode
system always breaks up into a pair of quadratic equations,
in CE2 formalism (a pair of cubuc equations in CE3) mak-
ing the mode analysis so clear.

Finite bunch length [ of the order of the beta—functnon
value 3* at the IP, results in substantial betatron phase slip-
page over the interaction length. We include this effect in
the phase lag parameter y (0 < y = /28* < 1), and
modify the beam-beam matrix: :

B, = diag{1,e*™%, 1,627} . B - diag{1,¢?¥,1,¢%"}.

Eigenvalues of C + By give the new mode tunes?, see
(8) with w = 0. The mode coupling results in repulsion
between the mode tunes; they are always real and never
merge. Thus, no instability can appear in this beam-beam
model, unless we introduce some impedance elements.

4 BEAM-BEAM INSTABILITY

The impedance element(s) inevitably present in the ma-
chine act on each of the colliding bunches individually; in
CE2 formalism they are plugged in the wake matrix W,
e.g. for the constant wake? we have:

wl 10 10
“Fo1)e(a1) o

I is the beam current, w is the coherent tune slope.

The chromaticity x will cause the chromatic phase lag
2z oc —, (cf. [3], Eq. (4.88)), of the trailing box oscilla-
tion with respect to the leading one; we have to modify the
wake matrix accordingly:

W =

W, = diag{1, e~ 27,1, e—2i’}-W-diag{1, e?i® 1, e},

In combination with the beam-beam interaction, impedan-
ce elements completely change the situation. Consider first
the case of very short bunches, y <« 1. The mode tunes
are eigenvalues of C + B+ W,putz = y = 0 in (8).
The beam-beam tuneshift results in reduction of the modes
0o, —10 merge threshold: (b + 2w)l;, = 1, the closest
one. The head-tail + beam-beam problem corresponding to
this short bunch limit was studied numerically in the 2x2-
particle model [4], predictions on possible reduction of the
head-tail threshold due to beam-beam collisions and some
of the results agree with ours.

The betatron phase slippage accounting for the finite
bunch length in the beam-beam matrix B, gives a new in-
stability, when acts in combination with wakes; we can see

2Saving the space, we omit here expressions for the mode tunes since
they are available from the general formula (8) presented at the end of
Section 4, being its particular cases.

3With a known wake function other than constant the coefficients in
W are available from the complete theory [2]. Or they may be considered
as phenomenological coefficients, to be tuned to fit experimentally known
head-tail parameters for a particular machine.
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this from the eigenvalues of C + By, + W (putx = 0
in (8)). Simple analysis shows that modes 0o and —1=
are unstable without a current threshold, as if in conven-
tional head-tail instability, see Fig. 2, left. However,
their increments ¢ start quadratically at low beam current:
600,_1“- =Imf} ~ b'wI2 sinycos Y, 6_10-, onr = —600-’_1".
Changing our normalized units to ordinary ones, we have:
0 = wed, bI = £/Qs, wI - AQ.on/Qs and rewrite the
increment via the revolution period Tp:

6 ~ bwI?siny cosy — 27EAQcon/ToQs-
One should take here Q; > £, AQ .o large enough, to stay

in the validity range of our 2-mode model. At high currents
é ~ w, roughly, we deal with a fast instability.

03
02
0.1
0
-0.1
-02
-03

0 02 04 06 08 1 12 0 02 04 06 08 I 12
Figure 2: Effect of the positive chromaticity on the mode
increments (plotted vs. the beam current) for combined ac-
tion of the wake and betatron phase slippage in collision.
Left: £ = 0, right: = —1.42. Parameters in (8): y = 0.2,
b= 1.1, w = 1. All the ¢ modes are shown in thick lines,
« modes in thin lines, the 0 modes in green, the ~1 modes
in black.

Physically, the phase slippage is somewhat similar to the
chromatic phase effect. So, the chromaticity tuning gives
us a possible cure of this instability. The chromatic phase
lag z is involved in both beam-beam and impedance action,
and therefore the eigenvalues of C + B, + W, are now
needed: '

Qor—1r = —5(1—(3b—w) F (1 +bleil=+9))3
x(1 + (b2 — 2w)Ie—2iz)%) ,

-1(1 - (b~ w)I F (1 - ble?(=+v)3
x(1— (be™2¥ + 2w)le2®)3).  (8)

Qog,—16 =

Due to zero sum of the increments, tuning chromaticity at a
given phase slippage y cannot stabilize all the modes, when
y # 0. However, it strongly changes the increment parti-
tion: at positive chromaticities (z < 0) we can keep the
increments of the both & modes reasonably small in a cer-
tain range of currents, see Fig. 2, right.

Fig. 3 shows how strongly absolute values of the decre-
ments depend on the chromaticity knob; the optimum
where the ¢ and 7 modes both have small decrements dif-
fers for the cases of shorter (Fig. 3, top) and longer (Fig.
3, bottom) bunches, and varies with the current. An overall
trend is that x,5¢ ~ —1, i.e. an elevated positive value of
the chromaticity would help. '

0.5 0.5
04 0.4
0.3 0.3
0.2 0.2
0.1 0.1
-2 -1 0 1 2 -2 -1 70 1 2
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1

-2 -1. 0 1 2 -2 -1 0 1 2

Figure 3: |ImQ| vs. the chromatic phase z at two fixed
beam currents I, left column: I = 0.8, right column: I =
1; for two bunch lengths y, top row: y = 0.2, bottom row:
y = 0.5. Other parameters are the same as in Fig. 2. All
the o0 modes are shown in thick lines, 7 modes in thin lines.

5 CONCLUSION

A new formalism with Circulant Equations predicts sta-
bility of coherent dipole oscillations of non-rigid collid-
ing bunches with finite length, in the linear beam-beam
force model. Adding wakefields to the above strong-strong
model, we find in such a combination a new beam-beam
instability of head-tail type, arising without any current
threshold. Its possible cure is the positive chromaticity.

Indeed, rather large positive chromaticities are known
to help in improvement of the beam-beam performance on
existing machines, e.g. VEPP-2M.

Any instability found in a linear theory is not necessarily
lethal for a highly nonlinear beam-beam system. The am-
plitude growth is most likely to saturate at a certain level,
but the onset of the instability may be a detriment to.a low
emittance regime.

Discussions with V.Parkhomchuk who has drawn my at-
tention to the beam-beam problem with non-rigid bunches,
are gratefully acknowledged.
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ON SELF-CONSISTENT g-FUNCTIONS OF COLLIDING BUNCHES

A. V. Otboyev and E. A. Perevedentsev
Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia

Abstract

The flip-flop effect with the linearized beam-beam force is
formulated through self-consistent S-functions and equilib-
rium emittances which are both affected by collision. We
give the results of two models of emittance dependence.
The effect of finite bunch length is also discussed.

1 INTRODUCTION

From many observations of the beam-beam effects on ex-
isting ete™ colliders, it is known that under some condi-
tions the sizes of opposing bunches become very different.
This phenomenon is called the flip-flop effect. Such a state
is not stable and the bunches may exchange their sizes. The
flip-flop effect leads to reduction of the luminosity, because
of the difference in bunch sizes resulting in reduction of the
effective interaction area. '

The problem is greatly simplified by linearization of the
beam-beam force; it has been studied in terms of evolution
of the 2nd moments of the beam distribution, involving the
radiation effects: damping and quantum excitation [1, 2, 3].

Another way to understand this problem is formulation
in terms of self-consistent dynamic S-functions of collid-
ing beams at the interaction point(IP) [4]. The equilibrium
emittances of the bunches are affected by the linear part
of the beam-beam force: action of the opposing bunch is
roughly equivalent to insertion of a (thin) lens modifying
the arc lattice [S]. So, a correct account for these dynamic
emittance variations should be done in a self-consistent
way.

This paper gives results of the self-consistent model for
round colliding beams, and calculation of the equilibrium
radiation emittance with the thin lens insertion. We also
discuss the simple model representing the bunch length ef-
fect.

2 SELF-CONSISTENT 3-FUNCTIONS

Consider a collider lattice with one IP and the betatron
phase advance on the arc po = 27v. We can get the result-
ing matrix of one revolution M = M; - F multiplying the
arc matrix My by the thin lens matrix F', involving the size

of the opposing bunch and its intensity expressed through.

the nominal beam-beam parameter ;. From M we obtain
new values of g and B-function, modified by collision. Let
us consider equal intensities of the colliding bunches (equal
&o). After simple calculations [4], usi